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Interband cascade (IC) devices are a family of infrared optoelectronic devices 
that includes interband cascade lasers (ICLs), interband cascade infrared photodetectors 
(ICIPs) and interband cascade infrared thermophotovoltaics (ICTPVs). They are unique 
due to their multiple-stage architecture based on type-II heterostructures. In IC devices, 
the carrier transport is rectified with two unipolar barriers (injectors), namely the 
electron barrier (hole injector) and hole barrier (electron injector). The series connection 
between cascade stages is realized by employing the type-II broken-gap alignment 
between InAs and GaSb layers. While a conventional single stage detector is limited by 
the short diffusion length and carrier lifetime at high temperatures and long 
wavelengths, an ICIP with a series of thin discrete absorbers can circumvent these 
limitations with high device performance. Although the responsivity of ICIPs is reduced 
by the thin absorbers, noise is also reduced significantly by the series connected cascade 
stages so that a large signal to noise ratio is retained. Most of the interest for IR detector 
applications is focused on the mid-wavelength (MW) infrared (IR) and long-wavelength 
(LW) IR bands. However, most of them require a cooling system to achieve high device 
performance. ICIPs are one of the most promising candidates for meeting the high-
performance and uncooled requirements of these applications.  
MW ICIPs based on InAs/GaSb type-II superlattice (T2SL) and bulk GaInAsSb 
absorbers are discussed in detail. High temperature operation and high device 
performance are demonstrated with Johnson-noise limited detectivities over 
1.0×109 cmˑHz1/2/W at 300 K.  
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LW ICIPs with current-matching and non-current matching architectures were 
systematically studied. These ICIPs are capable of operating at high temperatures up to 
340 K. They exhibited a high device performance with a detectivity (D*) higher than 
1.0×109 and 1.0×108 cmˑHz1/2/W at 200 and 300 K, respectively. While current-
matching is necessary for maximizing photon absorption to achieve optimal 
responsivity, the lower responsivity in the non-current matched ICIPs is attributed to 
light attenuation in the optically deeper stages. Meanwhile, the responsivity in the non-
current matched ICIPs is enhanced by the significantly higher electrical gain, along with 
the much higher resistances, so that their device performance is comparable or even 
slightly higher than the current matched ICIPs. 
Multi-stage ICIPs show superior performance over conventional one-stage 
detectors at high temperatures in both the MWIR and LWIR regions. The presence of 
high electrical gain in the both MW and LW ICIPs may be related to two mechanisms: 
one is the photoconductive gain due to a shorter transit time than carrier lifetime, the 
other is the compensation of dark current to maintain current continuity.  
The observed multiple negative differential conductance (NDC) features in the 
LW ICIPs at high temperatures are related to the sequential turn-off of intraband 
tunneling of minority carriers through the electron barriers. Five sets of ICIPs with 
various structural details and carrier concentrations in the absorber were systematically 




 Background and motivation 
Infrared (IR) detectors are sensors of IR radiation that convert optical signal into 
electrical current. They are widely used in many applications, such as gas sensing, 
thermal imaging, night vision, infrared tracking and free space communication. 
Conventional IR detectors are typically a one-stage structure, i.e. a single absorber 
(made of narrow bandgap semiconductors) which generally needs to be thick to ensure 
enough light absorption to generate a decent output signal. There are two fundamental 
limitations for these IR detectors: they cannot operate with reasonable high performance 
at elevated temperatures due to the exponentially increased thermal noise, and they have 
a relatively slow response time because the electrons have to travel a long distance in 
the thick absorber. Therefore, they are typically operated at low temperatures with a 
cryogenic cooling system to reduce the noise and maintain high device performance, 
resulting in increased system cost, size, weight and power consumption. On the other 
hand, many IR applications require a fast response speed, particularly for the real-time 
thermal imaging and free space communication.  
With the increased demanding for uncooled and compact IR detectors with high 
response speed, especially for the development of autopilot in automotive industry 
nowadays, the interband cascade IR photodetectors (ICIPs) have been established with a 
novel structure design to satisfy these requirements. Essentially, the thick absorber in 
the one-stage detector is divided into multiple series-connected discrete absorbers in an 
ICIP structure. Thus, compared to the conventional IR detectors, the transport distance 
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for the electrons is much shorter in the ICIPs, leading to a shorter transit time, and 
hence a faster response. In the meantime, the noises are significantly reduced, even at 
much higher temperatures, with the series-connected stages.   
The low operating temperature of IR detectors has been one of the primary 
concerns in sensitive IR systems. While uncooled thermal detectors have been 
successfully demonstrated in rudimental thermal imagers, their device performance is 
limited by their slow response speeds and low sensitivities. Photodetectors make it 
possible to achieve both high sensitivity and fast response. However, most of the 
photodetectors are typically operated at cryogenic temperatures (78 to 200 K) to reduce 
the noise originating from several sources in narrow bandgap semiconductor 
materials [1]. Recently, high-operating-temperature (HOT) photodetectors have drawn 
much research interest to develop high-resolution IR imaging systems that eliminate the 
requirement of cryogenic cooling.  
The Hg1-xCdxTe photodetectors have long been the leading technology with the 
best device performance [2]. They can operate at room temperature in both mid-
wavelength (MW) IR (3-5 µm) and long wavelength (LW) IR (8-14 µm) ranges, but the 
device performance is not optimal with a low dynamic resistance, particularly in the 
LWIR region with a detectivity (sensitivity) about 8×107 cmˑHz1/2/W at 8 µm. 
Additionally, the expensive substrates and low device yield of Hg1-xCdxTe 
photodetectors lead to a relatively high cost. Photodetectors based on InAs/GaSb type-II 
superlattice (T2SL) have been theoretically projected to outperform of Hg1-xCdxTe 
photodetectors [3-5] due to a low tunneling current (with a relatively larger effective 
mass) [6] and suppressed Auger recombination [7,8]. However, the performance of real 
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device implementation with T2SL has not been fully demonstrated. This is mainly 
attribute to the relatively small absorption coefficient of T2SL material. Besides, the III-
V narrow bandgap materials suffer from low material quality and short carrier lifetime 
where the Shockley-Read-Hall (SRH) recombination limits the device performance.  
The barrier detectors based on T2SL have been introduced with unipolar barriers 
to impede the flow of majority carrier dark current. The nBn detectors have 
demonstrated a reduced dark current associated with SRH process (confined within the 
unipolar barriers with much wider bandgaps) and noise without impeding photocurrent 
flow [9,10], the suppression of surface leakage current was also observed in nBn 
detectors with unipolar barriers [11-13]. The barrier detectors have achieved a device 
performance approaching that of the state-of-the-art Hg1-xCdxTe photodetector in the 
LWIR region. However, they are still limited with low operating temperature, because 
the diffusion length of minority carriers is reduced at elevated temperatures. Since the 
absorption coefficient of T2SL material is small, in order to obtain a high quantum 
efficiency, detectors require a thick absorber to have enough photon absorption at low 
temperatures. With raising the temperature, the diffusion length is reduced and the 
carrier lifetime decreased, so part of the photo-generated carriers cannot be collected 
when the diffusion length is shorter than the absorber thickness at a certain high 
temperature. This reduces the quantum efficiency and lowers the device performance. 
Meanwhile, for high speed application, the absorber thickness must be reduced to 
shorten the carrier transport time to ensure a fast response. 
To circumvent the diffusion length limitation for HOT photodetectors, the 
interband cascade IR photodetectors (ICIPs) [14,15]have been introduced by using a 
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multiple cascade stage architecture with discrete absorbers, where each of them is 
shorter than the diffusion length. Each cascade stage in an ICIP is similar to the 
complementary barrier IR photodetector (CBIRD) [16] where the absorber is 
sandwiched between quantum engineered electron and hole barriers, while the series 
connection between cascade stages is realized with the type-II broken gap alignment 
between InAs and GaSb quantum structures (at the interface of the electron and hole 
barriers). As such, the photo-generated carriers travel only over one stage before they 
recombine in the next stage, and the individual absorber thickness can be significantly 
shorter than the diffusion length, while the total absorber thickness can be much longer 
than the diffusion length. In such case, the incident photons can be largely absorbed 
with a large total absorber thickness, meanwhile, the photo-generated carriers can be 
effectively collected at considerably higher temperatures with a much shorter transit 
time. Therefore, ICIPs with thin discrete absorber design are feasible for high-
temperature and high-speed application without compromising the absorption 
efficiency.  
Then quantum efficiency or responsivity of an ICIP is generally low due to the 
thin discrete absorbers. However, in the meantime, both shot noise and thermal noise 
are substantially reduced because of the series connected cascade stages, and they are 
roughly inversely proportional to the number of stages [14]. Hence, the signal to noise 
ratio (or detectivity) maintains at a larger value at elevated temperatures compared to 
conventional single stage detectors. In addition, the flexibility in design by varying the 
absorber thickness and number of stages leads to optimized device performance that can 
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exceed the Hg1-xCdxTe photodetectors in meeting specific applications that requires 
high operating temperature and high response speed. 
The detailed theory of ICIPs and their operating mechanism will be discussed in 
the next chapter, but first I will introduce the IR radiation and the related applications, 
and an overview of IR detectors is described as well. 
 
 Infrared radiation  
Infrared (IR) radiation is an electromagnetic radiation with a wavelength that 
spans from 700 nm to 1 mm (frequency range of 300 GHz to 430 THz), which is longer 
than those of visible light (400-700 nm), and is therefore invisible. IR radiation is part 
of the blackbody (an object at certain temperature above 0 K) radiation spectrum and 


















 ,                                                (1.1) 
where T, h, kB, c, and λ are the temperature of the blackbody surface, Planck’s constant, 
Boltzmann’s constant, the speed of light in vacuum, and the wavelength, respectively. 
The Sun is an excellent example of a blackbody with a surface temperature around 
5800 K. As can been seen from Fig. 1.1, the peak of sun’s emission falls in the visible 
region. Obviously, the radiation spectrum varies with objects at different temperatures. 




Figure 1.1: Spectral radiance for a blackbody at different temperatures. 
 
 
Figure 1.2: Atmospheric transmittance spectrum of IR radiation [17]. 
 
The IR band covers a wide range of wavelengths which can be divided into 
near-infrared (NIR, 0.7-1 µm), short-wavelength infrared (SWIR, 1-3 µm), mid-
wavelength infrared (MWIR, 3-5 µm), long-wavelength infrared (LWIR, 8-14 µm), 
very long-wavelength (VLWIR, 14-30 µm) band and far-infrared (FIR, 30-1000 µm) 





























































based on the response of various detectors. Thermal imaging utilizes the photons with 
wavelength in the IR bands, the NIR-SWIR bands are similar to visible light which 
make them good for imaging scenes that reflect light, while the MWIR-LWIR 
wavebands are important for the imaging of objects that emit thermal radiation and are 
most used in night vision. However, if the radiation is not in vacuum, there are many 
types of molecules in the air that will absorb photons at particular wavelengths in the IR 
band. As shown in Fig. 1.2 for the terrestrial IR bands, the atmospheric transmittance 
presents multiple dips caused by strong molecular absorptions in air. Therefore, in 
addition to thermal imaging, IR bands are important for gas sensing of water moisture, 
methane, carbon dioxide, carbon monoxide, etc., as shown in Fig. 1.3.  However, 
applications of IR on Earth will avoid usually those absorption regions and most of the 
them are focused on MWIR and LWIR bands. 
 
Figure 1.3: HITRAN simulation of absorption spectra for major atmospheric 
species from 3.1 to 12.5 µm [18]. 
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 Infrared detectors 
1.3.1 Background 
While the discovery of infrared radiation dates back over 200 years, it was not 
until the late 20th century that we were able to explore it for use with in modern physics 
and fast developed technologies, as partially shown in Fig. 1.4 for the development of 
IR detectors. IR radiation is less absorbed and scattered in the atmosphere compare to 
visible light and provides important information about objects, such as their 
temperature, geometry, composition, location in space, and environment. One of the 
most advanced applications of IR radiation is infrared detectors, which are sensors of 
infrared photons that convert an optical signal to an electrical signal. IR detectors have 
potential applications in astronomy, meteorology, climatology, medicine, and the 
military. They can be used for gas sensing, thermal imaging, night vision, hyperspectral 
imaging, infrared tracing, etc. 
There are two main categories of infrared detectors: thermal detectors and 
photon detectors (photodetectors). In thermal detectors, the absorption of incident 
photons increases the temperature of the detector element, resulting in a change in an 
electrical property of the detector such as its resistivity or capacitance. In 
photodetectors, the IR photons absorbed in a semiconductor material generate electron-
hole pairs and the output current or voltage can be measured. Generally, the response of 
thermal detectors is independent of the radiation wavelength and the sensitivity relies on 
the material and structure design. Typical thermal detectors include thermocouples, 
thermopiles, bolometers and pyroelectric detectors. They are low cost and require no 




Figure 1.4:  History of the development of infrared detectors and systems [19]. 
 
On the other hand, photodetectors provide faster response speeds and higher 
sensitivities. However, most of them require a cryogenic cooling system to obtain high 
performance which considerably increases the package size and expense. Nevertheless, 
many IR applications do need high response and high sensitivity, such as gas sensing 
and night vison such that photodetectors have attracted more interests. Therefore, the 
improvement of HOT photodetectors works at room temperature or thermoelectrically 
cooled temperatures have been the general trend for practical applications. 
1.3.2 Photodetectors 
There are various types of photodetectors, and several figures of merit are used 
to characterize their performance. The output of a photodetector includes its response 
signal to the incident radiation and random noise fluctuations, with the ultimate 
performance of a photodetector being its signal to noise ratio (SNR). A primary figure 
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of merit is the responsivity which is defined as the ratio of photo-generated current or 
voltage to the incident optical power on the photodetector: 







   ,                                                (1.2) 
where Ri, Rv, Iph, Vph, and Pinc are the device current response, voltage response, 
photocurrent, photovoltage, and incident power, respectively.  
Similar to responsivity, another figure of merit widely used in the detector 
community is quantum efficiency (η) which is defined as the number of photo-











  ,                                            (1.3) 
where e, h, c, v and λ are the electronic charge, Planck’s constant, speed of light, 
frequency and wavelength of the incident photon in µm. Basically, the quantum 
efficiency judges the device’s ability to convert incident radiation into electrical output 
and is related to the absorption coefficient of the material. Regardless of material 
defects, the radiation power after the absorption of photons in the detector is given by: 
(1 )
d
absorption incP R P e

  ,                                                 (1.4)  
where R is the reflectance at the device surface, α and d are the absorption coefficient 
and thickness of active material of the detector. Assuming every absorbed photon 
generates one electron-hole pair and all of the photo-generated carriers can be fully 











    ,                               (1.5) 
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The random fluctuations in a detector’s output limit its sensitivity to a certain 
minimum detectable power. There are several noise sources presented in 
photodetectors, such as Johnson noise, shot noise, 1/f noise, and generation-
recombination noise, as will be briefly described below [20]: 
Johnson noise (also called thermal noise) is due to the random thermal motions 
(Brownian motion) of electrons inside the device material. It occurs across the 
bandwidth of the detector, so it is a white noise and therefore independent of frequency. 








  ,                                                      (1.6) 
where kB, T, R and Δf are Boltzmann constant, absolute temperature, device resistance, 
and measurement bandwidth, respectively. 
Shot noise is another white noise that exists in photodetectors. It is related 
incident photons arriving at random time intervals, which follow a Poisson distribution. 
As a result, the photo-generated carriers contain similar fluctuations. Hence shot noise 
is induced by the varied photocurrent at different time interval and is described as: 
2
, 2n shoti eI f  ,                                                       (1.7) 
where e is the electronic charge, I is the device current that contains noises from the 
signal, background and dark current. 
1/f noise is frequency dependent and is more dominant at low frequencies (<100 
Hz). It is complicated and is usually measured with a spectrum analyzer. The origin of 
1/f noise is not fully understood yet. 
Generation-recombination noise is another type of electrical signal noise caused 
by the statistical fluctuation of the generation and recombination of electrons in 
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photodetectors, and one expression of generation-recombination noise follows the 
equation [21]: 
2 2 2
, 2( )n gri G R e g d f   ,                                            (1.8) 
where G and R are the generation and recombination rates, g and d are the noise gain 
and the thickness of the detector.  
There are also some other sources of noise. For example, 1/f 2 noise is a 
derivative of 1/f noise and it is observed mainly in the metal interconnections of an 
integrated circuit. The total noise current in a detector can be written as: 
 
1/2
2 2 2 2
, , ,1 ,n n Johnson n shot n f n gr
i i i i i    ,                                 (1.9) 
The noise equivalent power (NEP) is defined as the signal power needed to 
generate an output signal that is equal to the noise and is expressed as n iNEP i R . The 
inverse of NEP is referred to as the detectivity, which represents the sensitivity of a 
photodetector. In order to specify the performance of a detector and make reasonable 
comparisons among different detectors, the specific detectivity (D*) is often used by 
normalizing the bandwidth to 1 Hz and the device area to 1 cm2. 
* i
n




   ,                                             (1.10) 
here A denotes the device area. When Johnson and shot noises are dominant, the 














,                                                (1.11) 
where Ri, RA, q, and J are the device responsivity, resistance and area product, 
electronic charge, and current density, respectively. Since background radiation is 
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unavoidable, when the background photon flux is much greater than the signal flux, the 
photodetector is in a background-limited infrared performance (BLIP) condition. The 











  ,                                        (1.12) 
when it is shot noise limited, where η and ϕB are the quantum efficiency and 
background incident photon flux, respectively. The D*BLIP for photoconductive 
detectors is 2  times lower than for photovoltaic detectors which are generation-
recombination noise limited where the two processes are uncorrelated. 
1.3.3 Characterization of photodetectors 
In order to evaluate the performance of a photodetector, we need to know its 
electrical and optical properties. The electrical performance can be obtained by 
exploring the current-voltage characteristics (IV curves) at different temperatures from 
which the current and resistance of the device can be extracted. Dark current is obtained 
by using a cold shield around the device. Dark current density (Jd) and product of 
resistance (R0A) and area are the measurable parameters to evaluate the Johnson noise. 
Since the current measured under illumination contains photoexcited carriers from 
background radiation and source signal, when under a certain bias, the shot noise would 
be the dominant noise for some detectors. In addition to noise estimation, IV curves can 




To identify the dominant carrier transport mechanisms, Jd or the R0A were 
measured over a wide range of temperature (T) for representative devices and fit 
















 ,                            (1.13) 
where Ea is an activation energy, kB the Boltzmann constant and C is a prefactor. 
The additional parameter, q, is expected to be 1 if the dark current scales with intrinsic 
carrier density ni (generation-recombination limited), and 2 if it scales with ni
2 
(diffusion limited) [22-24]. As a simple approximation, q=0 is used for general 
estimation. 
If the current density-voltage (JV) characteristics are sensitive to device size, 
reflected by the inverse product of zero-bias resistance (R0) and device area (A) as a 
function of their perimeter–to-area ratio (P/A), the contributions of bulk and surface 















,                                     (1.14) 
where ρsw is the device sidewall resistivity. From fitting the data, one can estimate the 
bulk R0A and the surface contribution to the overall current at different temperatures. 
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Figure 1.5: Experimental setup to obtain the relative response spectra of infrared 
photodetectors. 
 
In order to determine the responsivity for an infrared detector, one may first 
measure the relative response spectrum which can be obtained with an Fourier-
transform infrared spectroscopy (FTIR). The experimental setup is shown in Fig. 1.5. 
From the response curve at different temperatures, one can obtain the cutoff 
wavelength or bandgap of the device at each temperature. The temperature dependence 
of the bandgap is estimated using the Varshni formula [26]:  
2
( ) ( 0)
g g
T






,                                       (1.15) 
where Eg (T=0) is the extracted zero-temperature bandgap, α and β are the Varshni 
parameters. 
The raw response spectrum is relative, so one may want to use a blackbody 
source to calibrate it into absolute responsivity. By using the setup shown in Fig. 1.6, 



















Figure 1.6: Experimental setup to obtain photocurrent of infrared photodetector 
under chopped blackbody radiation. 
 
Knowing the blackbody temperature, one can calibrate the responsivity with the 
measured parameters: 
( ) ( , )
ph rel inc
I N R P T d    ,                                    (1.16) 
where N is the normalization factor, Rrel (λ) is the relative response, and Pinc (T, λ) is the 
spectrum of radiant power on the device surface per unit wavelength as given in Eq. 1.1. 
Thus, the responsivity can be obtained as: 
( ) ( )i relR N R   ,                                             (1.17) 
According to Eqs. 1.10 and 1.11, one can estimate the detectivity of the detector based 
on the measured parameters. 
1.3.4 Different types of photodetectors 
Depending on the operating principle, photodetectors can be photoconductive 
(PC) detectors, photovoltaic (PV) detectors, and avalanche photodiodes (APDs). PV 












resistance is reduced under illumination. This is attributed to the free carriers generated 
by the absorption of incident photons that increase the conductivity. PV detectors are 
generally made of pn junctions or heterostructures in which the photo-generated carriers 
can be extracted to the external circuit through either diffusion or drift. In both PV and 
PC detectors, one incident photon generally creates zero or one electron-hole pair for a 
quantum efficiency less than unity. On the other hand, in avalanche photodiodes, 
multiple excitations can occur through impact ionization for a quantum efficiency that 
can exceed 100%. 
The existing photodetector technologies include pn junction photodiodes, 
quantum well infrared photodetectors (QWIPs), quantum dot infrared photodetectors 
(QDIPs), quantum cascade detectors (QCDs), barrier detectors, and interband cascade 
infrared photodetectors (ICIPs).  
1.3.4.1 pn junction photodiodes 
The pn junction is the most widely used structure for photodetectors because of 
its relatively easy growth with mature materials like Si, InSb, HgCdTe, and InGaAs 
[27]. A pn junction is formed by doping adjacent regions of a semiconductor with 
excess donor and acceptor atoms, respectively. The material can be either a 
semiconductor or a type of superlattice. Generally, A pn junction photodiode is operated 
under a reverse bias such that the photo-generated carriers can be collected by electrical 
drifting before they recombine. While the incident photons can be absorbed in all the 
regions, only the photo-generated carriers in the depletion region and the ones within a 
diffusion length of the depletion region can be effectively collected. The photo-
generated electron-hole pairs beyond this region, in the absence of electric field, do not 
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separate and will therefore more easily recombine, and make no contribution to the 
photocurrent and reducing the quantum efficiency.  
The pn junction photodiodes have two drawbacks: The narrow depletion region 
limits the quantum efficiency; The high depletion layer capacitance causes problems at 
high modulation frequencies. To overcome these issues, the modified structure known 
as a pin photodiode was introduced by inserting an intrinsic layer between the p- and n-
type doped regions, as shown in Fig. 1.7. The intrinsic layer can be made thick enough 
to ensure sufficient absorption and collection. On the other hand, such a thick layer also 
exhibits a uniform electrical field and results in a reduced depletion layer capacitance.  
 
Figure 1.7: Energy band diagram of a pin photodiode under reverse bias [28]. 
 
1.3.4.2 Quantum well infrared photodetectors 
The quantum well infrared photodetector (QWIP) was first introduced in 1987 
by using intersubband transitions in resonant tunneling GaAs/AlGaAs superlattices 
[29], and QWIPs can be photovoltaic or photoconductive [30,31]. While the 
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photoconductive QWIPs are much more popular and widely used, the photovoltaic 
QWIPs have been less developed and were overwhelmed by the development of 
quantum cascade detectors.  
 
Figure 1.8: Schematic diagram of a bound to continuum photoconductive QWIP 
under zero and finite bias [31]. 
 
QWIPs are made of multiple identical quantum wells (QWs) separated by 
significantly thicker barriers to avoid coupling between QWs, and the intersubband 
transition in each QW is either bound-to-bound or bound-to-continuum. The operation 
principle can be seen from Fig. 1.8 for a widely used bound-to-continuum 
photoconductive QWIP under a certain bias. The incident photons are absorbed in each 
QW simultaneously where multiple photons are required to generate one electron that 
can be extracted to the emitter and collector contacts. Consequently, the quantum 
efficiency for a QWIP is much lower than conventional detectors. However, the 
photoconductive gain presented in QWIPs can substantially enhance the output current, 
where the photoconductive gain is simply defined as the ratio of carrier lifetime (τ) to 












  ,                                         (1.18) 
for the case τ»τtrans, where N is the number of QWs in the QWIP, τtrans is the transit time 
for an electron across one quantum well region or the period of the structure. Thanks to 
the tunable QW, QWIPs have been investigated for a wide range of wavelengths (3-
80 µm) for MWIR to VLWIR applications. However, QWIPs typically have a narrow 
spectral response range (see Fig. 1.9) and work at liquid nitrogen temperature (77 K) to 
achieve high performance.  Another limitation of n-type QWIPs is that, due to the 
selection rules of intersubband transitions, they are not sensitive to normal incidence 
and usually require specific device mounting or gratings. 
 
Figure 1.9: Experimental QWIPs responsivities (lines) at different wavelengths 
demonstrated at Ecole Polytechnique [32,33]. 
 
1.3.4.3 Quantum dot infrared photodetectors 
Quantum dot infrared photodetectors (QDIPs) were promoted by the 
development of quantum dot lasers [34,35] and the success of QWIPs stimulated the 
development of QDIPs, and the first QDIP was demonstrated in 1988 [36]. Following 
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this, there was a rapid development over the last 30 years and QDIPs have emerged as a 
competitive technology among various types of detectors. Though there are several 
heterostructure designs for QDIPs [37,38], the main material system is based on InAs QDs 
grown on a GaAs substrate where the schematic view of the quantum dot array and band 
structure can be seen from Fig. 1.10. As a result of the three-dimensional confinement in 
the quantum dots, QDIPs have several advantages such as low dark current, high 
photoconductive gain and responsivity, and high operating temperatures [39]. They are 
similar to QWIPs but with two-dimensional quantum wells replaced by zero-
dimensional quantum dots. The detection mechanism in QDIPs is also based on 
intersubband transitions between the quantized energy levels of the dots and continuum 
states, but they are sensitive to normaly incident radiation  [38,40]. Similarly, QDIPs are 
able to cover a wide spectral range for MWIR and LWIR band sensing and imaging by 
adjusting the quantum dot size/shape or strain and material composition. However, QDIPs 
typically have a low quantum efficiency due to the limited quantum dot absorption layer 
thickness. 
 
Figure 1.10: Schematic view of (a) the quantum-dot array and (b) conduction band 




1.3.4.4 Quantum cascade detectors 
Quantum cascade detectors (QCDs) are similar to photovoltaic QWIPs [31,42]. 
The first QCD was demonstrated with a quantum cascade laser (QCL) structure used as 
a photovoltaic detector [43].  As in the case of QCLs, QCDs can cover a wide range of 
detection wavelengths from NIR to FIR [44,45] and operate at room temperature with a 
diagonal transition scheme [46]. As shown in Fig. 1.11, the operating mechanism is 
through a bound to bound intersubband transition within each identical QW and the 
photoexcited electrons follow the relaxation process through intraband tunneling within 
the extractor cascade and then tunnel into the ground state in the adjacent QW. The 
asymmetric structure of a QCD forces the photocurrent to follow in the desired 
direction. Compared to QWIPs, the dark current in the QCDs is negligible, leading to a 
much lower Johnson noise. However, the thin absorbers (active QWs) limit the amount 
of absorption, resulting in a low responsivity. On the other hand, due to the thin 
absorbers and short transit time, high speed operation of QCDs over tens of GHz has 
been demonstrated [47-49].  
 
Figure 1.11: Schematic conduction band diagram of a QCD [50]. The extractor 





1.3.4.5 Barrier detectors 
Unipolar barriers are widely used in narrow bandgap semiconductors to form 
barrier photodetectors, including InAs [9,51,52], InAsSb [53-55], HgCdTe [56-58] and 
InAs/GaSb T2SL [16,59,60] infrared detectors. The unipolar barriers are introduced to 
block one type of carrier (electrons or holes) and allow the pass of the other, as can be 
seen from Fig. 1.12. In general, unipolar barriers are used to implement the barrier 
detector architecture (nBn [9,11,55], XBn [51,53,54], and CBIRD [16,61]) for 
increasing the collection efficiency of photo-generated carriers and suppressing the 
generation-recombination dark current associated with the Shockley-Read-Hall process 
without inhibiting photocurrent flow. Meanwhile, the barriers can also serve to suppress 
the surface leakage current [11].  
 
 
Figure 1.12: Schematic band diagram of (a) an nBn detector [9] and (b) a 




 Objective and scope 
The Hg1-xCdxTe photodetectors have been a dominant player in the detector 
market with their advanced device performance. As stated above, several detector 
technologies have been developed to obtain high device performance and attempt to 
take the place of Hg1-xCdxTe photodetectors, among which ICIPs hold great potential 
for applications require high temperature operation and high response speed with their 
unique multi-stage architecture.  
In this dissertation, the aim is to develop a series of ICIPs in the MWIR region 
for high speed operation and in the LWIR for high temperature operation. The MW 
ICIPs have already been demonstrated to be operated above room temperature (up to 
450 K) [62,63], but no work has been done to examine their potential for high speed 
operation. Therefore, MW ICIPs based on T2L and GaInAsSb absorbers are carried out 
to pursue high speed operation at room temperature. The preliminary LW ICIPs have 
touched room temperature operation but with a cutoff wavelength near 8 µm at 300 K 
[64,65], which is far shorter than the desired cutoff wavelength for applications in the 
LWIR band. Hence, several sets of LW ICIPs with different structure designs are 
investigated to attain room temperature operation with a longer cutoff wavelength. 
 
 Dissertation outline 
The main focus of this dissertation is on the design, characterization and 
analysis of interband cascade infrared photodetectors (ICIPs) in the MWIR and LWIR 
bands. Chapter 2 introduces the background of IR devices with interband cascade 
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structures. The fundamental concept and theory of ICIPs are illustrated, the 
performance and benefits of ICIPs will be discussed in the following chapters. 
Chapter 3 presents on a comparison study of the electrical and optical properties 
of a set of device structures with different numbers of cascade stages, T2SL absorber 
thickness, and doping variations, as well as a non-current-matched ICIP structure with 
equal absorbers.  
Chapter 4 shows the demonstration of quaternary GaInAsSb-based MW ICIPs 
with cutoff wavelengths longer than 4 µm at 300 K. Both ICIPs with a three-stage 
discrete absorber architecture and conventional one-stage detector structures have been 
grown by molecular beam epitaxy and investigated in experiments for their electrical 
and optical properties.  
Chapter 5 discusses on a comparison study of LW ICIPs with the goal of an 
improved understanding that will lead to further increases in the operation temperature. 
Four sets of detectors are studied including: single absorber barrier detectors, and multi-
stage ICIPs with four, six and eight discrete absorbers.  
Chapter 6 presents a comparative study of two sets of LW ICIPs based on a 
InAs/GaSb T2SLs. The devices in one set have a current-matched configuration while 
those in the other set are non-current-matched.  
Chapter 7 investigates the multiple negative differential conductance (NDC) 
features observed in LW ICIPs at and above 300 K. Using ICIPs with various structures 
and carrier concentrations, several approaches were employed to demonstrate that the 
observed multiple NDC features and their unusual temperature dependence are related 
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to the sequential turn off of resonant tunneling of minority carriers through the electron 
barriers at high temperatures.  





 Infrared devices with interband cascade structures 
Interband cascade devices include interband cascade lasers (ICLs), ICIPs and 
interband cascade infrared thermophotovoltaics (ICTPVs). They are made of the III-V 
semiconductor compounds: InAs, GaSb, and AlSb with lattice constant around 6.1 Å, as 
described in Fig. 2.1(a). Since they have a zinc blende crystal structure and are nearly 
lattice matched, it is feasible to grow each of them on either an InAs [66] or a GaSb 
[67] substrate by using the molecular beam epitaxy (MBE) technique. By virtue of their 
unique bandgap alignment, they can form band-edge relationships including type-I, 
type-II staggered and type-II broken-gap. Compared to the type-I QW where the 
electron and hole wavefunctions are located in the same layer, they are spatially 
separated and located in different layers in a type-II broken-gap QW, as shown in Fig. 
2.1(b). Therefore, the effective bandgap for the InAs/GaSb type-II broken-gap QW can 
be tuned in a wide range of energies from SWIR to VLWIR bands. 
 
Figure 2.1: (a) Lattice constants and band gap alignment of the III-V 6.1 Å 




While the type-II broken-gap QW is employed as the active region in ICLs, the 
InAs/GaSb T2SL materials are used as the absorber for the ICIPs and CITPVs. Since 
the introduction of T2SL in 1977 [69], it has been broadly used to realize different types 
of electronic and optoelectronic devices such as transistors, lasers, and detectors. The 
bandgap of T2SL can be tuned in wide range of wavelengths from 2.3 to 30 µm by 
adjusting the layer’ thickness. The slight lattice mismatch (0.6%) between InAs and 
GaSb can cause sufficient strain build-up in thick InAs/GaSb superlattices that may 
affect the material quality, therefore, InSb-like interfaces [70] are often used to balance 
the strain. As mentioned earlier, IR detectors based on T2SL exhibit a reduced 
tunneling dark current associated with their larger electron effective masses [6] and a 
suppression of Auger recombination [7,8].  
 
Figure 2.2: Schematic illustration of an InAs/Ga(In)Sb type-II broken-gap 
superlattice showing the spatial separation of the conduction band and the heavy-





 Interband cascade lasers 
Intersubband transitions in a biased superlattice was first proposed by R.F. 
Kazarinov and R.A. Suris in 1971 [71] for light amplification, Bell group in 1994 
demonstrated the first intersubband lasers, i.e. quantum cascade lasers (QCLs) [72]. In 
the same year, the idea of IC structures for infrared optoelectronics was first proposed 
[73]. Unlike conventional interband semiconductor lasers that emit photons through 
recombination of electron-hole pairs across the material band gap, QCLs are unipolar 
and laser emission is achieved through the use of intersubband transitions in a repeated 
stack of semiconductor multiple quantum well heterostructures. A few years later, the 
first ICL was demonstrated in 1997 [74]. The ICLs are similar to the QCLs in terms of 
the cascade design and band structure engineering. However, rather than using 
intersubband transitions in QCLs, ICLs utilize interband transitions in a cascade 
structure, as illustrated in Fig. 2.3. 
 




ICLs are made of multiple series-connected cascade stages with each stage 
containing three regions: the active region, electron injector and hole injector. The 
band-edge diagram of an ICL is shown in Fig. 2.4. The type-II QW serves as the active 
region for ICLs, where in this structure the active region is made of an 
InAs/GaInSb/InAs QW, known as the W structure [76]. Due to the significantly 
enhanced overlap of electron and hole wavefunctions in the W structure QWs, the 
corresponding optical matrix element is larger than that of a single InAs/GaSb QW that 
was used in the early stage of development. Therefore, the gain in each cascade stage is 
increased with W structure active region. The electron and hole injectors are made of 
InAs/AlSb and GaSb/AlSb QWs, respectively. To ensure good optical confinement, the 
cascade regions are sandwiched between the top and bottom cladding layers [77]. Upon 
current (electrons) injection throng the conduction band of the electron injector to the 
conduction band of the active region, electrons accumulate in the conduction band of 
the confined active region until the population inversion is established, then the injected 
electrons make transitions to the valence band of the active region with net photon gain 
for lasing. The electrons are swept to the valence band of the hole injector and then are 
transported to the next stage through interband tunneling facilitated by the type-II 
broken-gap alignment at the interface of hole and electron injectors. This process will 
repeat N times if there are N cascade stages in one ICL and the recycling of one injected 
electron will give rise to N lasing photons, thus high quantum efficiency beyond unity is 
achieved.  
Compared to QCLs, ICLs have much lower injection current due to the much 
longer carrier lifetime of interband transitions, as such the Ohmic loss is reduced. In 
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addition, ICLs are far more adaptable to apply in vertical-cavity surface-emitting lasers 
(VCSELs) [67] compared to QCLs due to the different section rules between interband 
and intersubband transitions.  
 
Figure 2.4: Band-edge diagram of one cascade stage in an ICL design [78]. 
 
More than 20 years’ development of ICLs have demonstrated its promising 
potential for practical application and market share. At present, ICLs based on type-II 
QWs have already achieved continuous wave (cw) operation at room temperature with 
an emission wavelength of 2.8-5.6 µm [79,80]. Also, an ICL based on a type-I 
InGaAsSb/AlAsSb QW was reported to be able to operate in cw mode at 300 K with a 




 Interband cascade infrared photodetectors 
2.2.1 Background 
Interband cascade infrared photodetectors are similar to ICLs but with the active 
QW regions replaced with T2SLs for strong absorption. Actually the first ICIP was 
realized by using an ICL working as a detector in 2005 [82]. Then it was in 2010 the 
initial comprehensive theory of ICIPs was developed [14] and followed by a more 
detailed theoretical study in 2013 [83]. Originating from ICLs [73,82,84], ICIPs with 
T2SL absorbers are a relatively new type of detector. By taking advantage of the 
broken-gap band alignment in type-II heterostructures, ICIPs can effectively absorb 
most of the incident photons with their discrete multiple cascade stage architecture and 
efficiently collect the photo-generated carriers without being limited by the carrier 
diffusion lengths.  Also, noise is significantly suppressed with multiple stages and thin 
individual absorbers. As such, ICIPs are feasible for high temperature and high-speed 
operation without compromising detectivity [14,15,83,85].  Preliminary experimental 
efforts [14,15,62-65,86-91] on ICIPs have shown encouraging results such as operation 
above room temperature (up to 450 K) [62,63] and high-frequency operation (up to 
1.3 GHz) [91]. These ICIPs are comprised of InAs/GaSb T2SL absorbers that can be 
tailored to cover a wide range of the IR spectrum from the SW to very VLW regions 
[14,15,64,88,90,92-94], and possess the advantages of high uniformity, reduced 
tunneling currents, and suppressed Auger recombination, as compared to traditional 
HgCdTe detectors.  
The T2SL absorber in each ICIP stage is sandwiched between an electron barrier 
and a hole barrier, similar to the CBIRD structure [16], as shown in Fig. 2.5. Other than 
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T2SL, the absorber can be also made of bulk semiconductor materials like the 
quaternary GaInAsSb alloy [95]. The electron barrier is usually composed of multiple 
GaSb/AlSb QWs and the hole barrier consists of multiple InAs/AlSb QWs with varied 
well widths for the different QWs. The two unipolar barriers in each stage rectify the 
current flow without impeding photo-generated carrier transport in the device, without 
the presence of a conventional pn junction, so that the generation-recombination current 
(and the corresponding noise) can be reduced.  
 
Figure 2.5: Schematic structure for an ICIP. Each cascade stage is made of three 
regions: (1) T2SL absorber, (2) hole barrier, and (3) electron barrier.  
 
2.2.2 Illumination configurations 
There are two illumination configurations for the ICIPs based on the directions 
of incident light and photo-generated electrons flow in the conduction band of the 
absorbers, and light is incident on the top surface of the device [65]. When they have 
the same direction, ICIPs are classified into regular (reg.) illumination configurations; 
when they have opposite directions, ICIPs are classified into reverse (rev.) illumination, 
as shown in Fig. 2.6(a) and (b). In the regular configuration, most of the photo-




Figure 2.6: Schematic energy band structure of a multi-stage ICIP with (a) regular 
and (b) reverse illumination configurations. The two illumination configurations 
can be realized by reversing the growth order of layers in one structure without 
changing the light illumination direction. 
 
to travel (through diffusion under zero bias) relatively long distance for the collection at 
the hole barrier. However, if the diffusion length is less than the thickness of the 
absorbers especially when operating at high temperatures and/or in the LWIR region, 
most of the photo-generated electrons recombine before reaching the collecting point. 
To overcome this issue, the reverse configuration structure was introduced by reversing 
the growth order of the regular configuration structure. In the revers configuration, most 
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of the photo-generated electrons are closed to the hole barrier and hence can be 
effectively collected without travelling a long distance. When the diffusion length is 
much longer than the thickness of the absorbers, both configurations could approach 
100% collection efficiency of the photo-generated carriers. However, if the diffusion 
length becomes shorter than the thickness of the absorbers, the reverse configuration is 
expected to have superior collection efficiency because photo-generated electrons are 
more efficiently collected for p-type absorbers, as indicated by the theoretical 
projections [83] shown in Fig. 2.7. Therefore, the reverse configuration is generally 
preferred as the ICIP structure. 
 
Figure 2.7: Theoretical zero-bias detectivity enhancement for 2-stage, 11-stage, 
and 30-stage photocurrent-matched multiple-stage ICIPs operating the thermal 




2.2.3 Comparison between single-absorber detectors and ICIPs 
One of the fundamental benefits of ICIPs is noise reduction in both Johnson 
noise and shot noise. The Johnson noise reduction is inherent to ICIPs in terms of the 
large resistance caused by the series-connected short cascade stages. As mentioned in 
the previous section, shot noise is related to the random incident photons in terms of 
arriving time that follows a Poisson distribution. In a more general sense, any random 
fluctuations in the arrival time of electrons to the collecting contacts can be treated as 
shot noise. This can be caused by the fluctuations within interband transitions triggered 
by radiations from signal source and background, as well as the random thermal 
generation in the absorber. Consider a single stage detector, these fluctuations will be 
preserved as long as the electrons reach the collection points. However, in an ICIP, 
since these fluctuations among different stages are simultaneous and independent, in 
order to maintain the current continuity through the device to external circuit, the 
fluctuations in each absorber hence are forced to narrow down to an average range. 
Therefore, the shot noise will be reduced by a factor of NC if there are NC cascade stages 
in the ICIP. The suppression for the shot noise is because the added number of required 
transition for an electron, similar to how additional trials in an experiment reduces the 
uncertainty in the measurement [96]. It is also similar to the noise reduction in QWIPs 
with intersubband transitions [97,98]. Thus, the expression of specific detectivity for an 










,                                          (2.1) 
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where Rλ, kB, T, RDA, q, and J are the device’s responsivity, Boltzmann constant, device 
temperature, product of device dynamic resistance and area, electron charge, and total 
current density including a contribution from photocurrent, respectively. 
 
Figure 2.8: Schematics of detectors based on (a) ICIP and (b) single-absorber 
structures. Their total absorber thicknesses are designed to be the same [99]. 
 
The maximum responsivity (and external quantum efficiency) that can be 
achieved in an ICIP is reduced by the thin individual absorbers and multi-stage 
architecture. However, this is compensated by the suppression of noise, which has been 
discussed in previous theories from the perspective of shot noise gain[14,31] and at a 
fundamental level [83]. Hence, the signal to noise ratio (i.e. detectivity D*) in ICIPs is 
not reduced; instead it can be enhanced compared to the conventional single-absorber 
detector. This is further illustrated by considering the D* for two simplified detectors 
based on ICIP and the single-absorber structures as shown in Fig. 2.8. In Fig. 2.8(a) 
there are NC identical thin absorbers connected in series with the total absorber 
thickness equal to that of the single-absorber detector in Fig. 2.8(b), resulting in a total 
resistance of R=NC·R1= NC
2·Rsingle, where R1 is the resistance of an individual absorber 
of ICIP, and Rsingle is the resistance of the single-absorber detector. Meanwhile, the 
current of the ICIP then will be NC times smaller, J1=Jsingle/ NC. Suppose the light 
attenuation is negligible in the absorbers and there is a perfect collection of photo-
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generated carriers. Because the absorber thickness d in Fig. 2.8(b) is NC times d1 (the 
individual absorber thickness of the ICIP), the responsivity of the single-absorber 
detector is Rsingle=NC·R1, where R is the responsivity of the ICIP. Consequently, the 
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,       (2.2) 
Hence, in ideal cases where the diffusion length is infinite and under the first-order 
approximation shown in Eq. 2.2, the detectivity of an ICIP is proportional to the square 
root of NC and equals to a conventional single-absorber detector with an equal total 
absorber thickness.  
 In a multi-stage ICIP structure, some photocurrent (i.e. signal) is traded for 
reduced noise. Obviously, this multi-stage discrete absorber architecture would have 
drawbacks when the circuit and system noise is higher than the device noise, which is 
most likely the case at very low temperatures. However, for operation at high 
temperatures where the device noise is generally much higher than the circuit and 
system noise, the multi-stage discrete absorber architecture would have advantages over 
the conventional single-absorber detector. This is because the carrier diffusion length at 
a high temperature is actually shorter than the single absorber thickness (i.e. NC·d1) so 
that some photo-generated carriers will be recombined before being collected in the 
circuit, resulting in a reduced R𝜆, single (<NC ˑR𝜆1) and thus a reduced D
* for the 
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conventional single-absorber detector, which is especially true in the LWIR region with 
a small absorption coefficient. In contrast, each individual absorber thickness in an ICIP 
is thinner than the diffusion length, while the sum of the absorber thicknesses can be 
significantly longer than the diffusion length and the single-absorber thickness in the 
conventional detector. This results in further noise reduction and an enhanced signal-to-
noise ratio (i.e. detectivity) over that in the conventional single-absorber detector at high 
temperatures. Therefore, the device performance for ICIPs is better indicated by the 
detectivity rather than only by the responsivity or external quantum efficiency, in 
contrast to conventional detectors with a single absorber. Hence, ICIPs with a discrete 
absorber architecture should, in principle, perform better than conventional LWIR 
photodetectors at high temperatures. 
 
 Interband cascade thermophotovoltaic devices 
Thermophotovoltaic (TPV) systems [100,101] convert the thermal radiation 
energy into electricity through the photovoltaic process. TPV systems are clean, quiet 
and compact power conversion systems and typically consist of a selective emitter, a 
filter, and a photovoltaic cell. A selective emitter is typically made of rare earth oxides 
[102,103] that absorb the radiation from the heat source, and reradiates photons with 
spectral sharping to increase the conversion efficiency by suppressing sub-bandgap 
photon emission and enhancing photon emission with energies larger than the bandgap 
of the TPV cell. Such broadband absorbers and narrowband emitter had been realized 
recently by using nanostructured materials and metamaterials [104,105]. In contrast to a 
typical solar cell, TPV cells are generally placed near a heat source where the radiation 
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intensity is significant higher than one sun. However, the side effect of overheating the 
TPV cell degrade the conversion efficiency, therefore a cold-side filter is usually put in 
front of the TPV cell. 
While the solar cells are much more popular than TPV systems for power 
conversion from sun light, there is about two thirds of waste energy as heat loss from 
world’s heavy industries, particular in steel and glass industries. The recovery of these 
losses will make a significant impact on energy saving as well as environment 
protection. Since most of unrecovered waste heat has temperatures below 650 ℃ [106] 
which radiates in the MWIR range as can be seen from Fig. 1.1, TPV cells with narrow 
bandgaps (<0.5 eV) have the potential to recover part of these mass energy losses. 
According to the theoretical projections [107,108], based on the detailed balanced 
model [109], TPV cells with bandgaps between 0.2-0.4 eV are optimal for a high 
conversion efficiency of thermal radiations from heat sources with temperatures in the 
range of 1000-2000 K. However, the development of TPV system is not as fast as 
expected, and most of the previous study was focused on a single junction structure 
based on GaInAsSb/GaSb [110-112], InGaAs/InP [113,114] material systems with 
bandgaps of 0.5 eV or above. Since there’s still large amount of waste energies below 
0.5 eV are not utilized for power conversion, narrow bandgap materials are required to 
absorb these low temperature heat source radiations.  
However, TPV systems with narrow bandgap materials suffered several 
limitations including the relatively low absorption coefficient, short diffusion length, 
and low open-circuit voltage, resulting in poor conversion efficiencies [100,115]. To 




Figure 2.9: Schematic illustration of an ICTPV device with multiple stages. Each 
stage is composed of a T2SL absorber sandwiched between electron and hole 
barriers. Ee and Eh denote the energy for electron (light blue) and hole (green) 
minibands, respectively. The energy difference (Ee-Eh) is the bandgap (Eg) of the 
T2SL [117]. 
 
type of narrow bandgap TPV cells by utilizing multi-stage discreet thin absorber 
architecture based on interband cascade structure. Basically, the device structure is 
almost same as ICIPs, ICTPVs operate at a forward bias while ICIPs work under zero or 
reverse bias, as given in Fig. 2.99 [117]. The absorbers are made of InAs/Ga(In)Sb 
T2SLs such that the bandgap can be tailored to a desired energy over a wide range of IR 
bands. The carrier transport between cascade stages is through a type-II broken-gap 
band alignment between InAs and GaSb layers (Fig. 2.1), resulting a negligible series 
resistance. In an ICTPV structure, every individual absorber is design thinner than the 
diffusion length to ensure a high collection efficiency, while the total absorber thickness 
can be much thicker than the diffusion length to keep enough absorption depth of the 
incident photons. Another advantage of ICTPVs are the high open-circuit voltage due to 
the series connected cascaded stages, the preliminary work of our group had 
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demonstrated the high open-circuit voltage exceeding the single-bandgap determined 
value (Eg/e, where e is electron charge) in ICTPVs [116-122] at room temperature and 
above. On the other hand, the maximum achievable photocurrent is relative low as the 
fact of the thin individual absorbers, which is beneficial for reducing Ohmic losses 
associated with circuit resistance.  
Compared to conventional pn junction TPV cells, ICTPVs hold much higher 
open-circuit voltage and lower current densities, while the Ohmic loss due to large 
current on the series resistance is a big problem for pn junction TPV cells with high 
intensity flux sources. Meanwhile, the dark current is suppressed in the ICTPV by 
eliminating the depletion region where SRH recombination is a severe issue for narrow 
bandgap materials. Consider the heat sources are typically broadband, ICTPVs can take 
advantages from multi-junction solar cells by varying the bandgaps of the absorbers in 
different cascade stages to enhance the absorption of incident photons and hence 






 Mid-wavelength interband cascade infrared 
photodetectors with superlattice absorbers and gain 
 Background and motivation 
In the previous chapters, the theory and the fundamental benefits of ICIPs have 
been discussed. As stated, ICIPs with multi-stage design are particular advantageous for 
high temperature operation with high response speed and high sensitivity. While a 
reduction of quantum efficiency is typically observed in single stage detectors at such 
high temperature because of the reduced diffusion length [123,124], MW ICIPs have 
been reported to work above room temperature [62,63]. Therefore, the single stage 
detectors are typically operated at low temperature with a thick absorber to ensure a 
high quantum efficiency with sufficient photon absorption. However, the requirement of 
cryogenic cooling increases the power consumption, device package size and cost. In 
the meantime, the response time is limited by the thick absorber. On the other hand, 
ICIPs with thin discrete absorber design are practicable for high temperature operation 
with a short transit time. Hence, ICIPs are of great potential for uncooled IR detectors 
targeted in high speed application. 
In this chapter, a series of MW ICIPs are single stage detectors based on T2SL 
absorbers are investigated. It is expected that the multi-stage ICIPs would outperform 
over the singe stage detectors at high temperatures in terms of lower noise and higher 





 Device structure, growth and fabrication  
Thirteen detector structures with different numbers of stages and absorber 
thicknesses were designed to have their cutoff wavelength in the MWIR region. These 
ICIP structures were grown on nominally undoped p-type GaSb substrates. Table 3.1 
provides the detailed design parameters for these detector structures and the surface 
defect density of each grown wafer. 
































3100.5 3.8×1016 3.2×1017 1.6×1017 5×104 
Y001D Reg. 3 312/344.5/383.5 1040 5.1×1016 2.8×1017 1.2×1016 3×104 
Y002D Reg. 6 
312/344.5/383.5/435.5
/507/604.5 
2587 5.1×1016 2.8×1017 1.2×1016 7×104 
Y003D Reg. 3 312/344.5/383.5 1040 5.1×1016 2.8×1017 1.2×1016 3×104 
Y004D Rev. 3 312/344.5/383.5 1040 5.1×1016 2.8×1017 2.6×1016 3×104 
Y005D Rev. 3 312/344.5/383.5 1040 5.1×1016 5.1×1016 2.6×1016 2×104 
Y007D Rev. 1 1040  5.1×1016 2.8×1017 2.6×1016 3×104 
Y008D Rev. 6 
312/344.5/383.5/435.5
/507/604.5 
2587 3.8×1016 2.9×1017 2.6×1016 2×104 
Y009D Rev. 8 312×8 2496 3.8×1016 2.9×1017 2.6×1016 5×104 
Y010D Rev. 3 507/617.5/793 1917.5 5.1×1016 2.8×1017 2.6×1016 3×104 
Y011D Rev. 1 2340  5.1×1016 2.8×1017 2.6×1016 5×104 
Y012D Rev. 1 3120  5.1×1016 2.8×1017 2.6×1016 5×104 
Y014D Rev. 1 1040  5.1×1016 2.8×1017 1.6×1017 6×103 
 
 Wafer R146 was grown with the regular illumination configuration in an 
Intevac Gen-II MBE system and the Y-series wafers were grown with the reverse 
illumination configuration in a Veeco GENxplor MBE system. In the regular 
illumination configuration, the electron barrier is near the top surface; while in the 
reverse configuration the hole barrier is near the top. Table 3.1 summarizes all ICIP 
wafers with various numbers of cascade stages (NC) and illumination configurations 
(Config.). The carrier concentration in the substrate is 1.2×1016 cm-3 for wafers Y001D 
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to Y003D, 2.6×1016 cm-3 for wafers Y004D to Y012D, and 1.6×1017 cm-3 for wafers 
R146 and Y014D.  These ICIP structures generally have good structural quality as 
determined by x-ray diffraction. Wafer R146 had some tensile strain and the Y-series 
wafers generally had reduced strain after adjustment of design parameters and beam 
fluxes. The surface defect densities varied with growth run and MBE conditions as 
shown in Table 3.1. 
The absorbers in these ICIPs were composed of 27Å-InAs/15Å-GaSb/8Å-
Al(In)Sb/15Å-GaSb M-shape superlattices (SLs) [125] for a period of 65 Å. Thin 
Al(In)Sb layers were inserted into the InAs/GaSb SL to lower the sensitivity of the 
miniband energy to possible layer thickness fluctuations during MBE growth and to 
reduce the miniband width so that the absorption coefficient of the SL has a relatively 
sharp increase near the cutoff wavelength - a behavior approaching the two-dimensional 
(2D) electron density of states. All GaSb layers in the absorbers were p-type doped at 
3.8-5.1×1016 cm-3 so that electrons were minority carriers, while the GaSb buffer layers 
were generally p-type doped at 2.8-2.9×1017 cm-3 except for Y005D which was doped at 
5.1×1016 cm-3. The bandgap of these absorbers was designed for a cutoff wavelength 
near 4.3 µm at 300 K, which is consistent with the observed values of 4.2-4.5 µm from 
devices made from these wafers. This agreement indicates good control of layer 
thickness and composition for all MBE growths. Except for wafer Y009D, where each 
absorber has the same thickness with an equal number of SL periods, the absorber 
thickness (i.e., the number of SL periods) is increased in the optically deeper stages to 




Figure 3.1: Micrograph of processed and wire-bonded detector samples taken 
using scanning electron microscopy. 
 
After MBE growth, the wafers were processed into square mesa detectors with 
dimensions from 50 to 1000 μm using conventional contact UV photolithography and 
wet etching, as shown in Fig. 3.1. An RF-sputter deposited two-layer passivation 
scheme (Si3N4 then SiO2, see Fig. 3.2) was used to reduce the overall stress and 
minimize pin holes. As can be seen from Fig. 3.3, The Si3N4+SiO2 passivation has 
significantly higher median R0A (order of magnitude) than that from only SiO2 
passivation at low temperatures, for temperatures higher than 200 K the median R0A 
from two methods were similar. Sputter deposited Ti/Au layers provided the top and 
bottom contacts. Finally, the devices were mounted on heat sinks and wire bonded. For 




Figure 3.2: Cross section view of a five-stage ICIP under SEM. 
 
 
Figure 3.3: Median R0A vs. temperature for two passivation with wafer Y005D. 
























































 Device Characterizations and Discussion  
3.3.1 Eight-stage ICIP with regular illumination configuration 
The eight-stage ICIPs (wafer R146) configured for regular illumination, were 
characterized first. The device dark current (Id) was measured at temperatures from 78 
to 333 K. The dark current density (Jd) vs. bias voltage (V) for a representative device at 
various temperatures is shown in Fig. 3.4. The carrier transport in devices made from 
this wafer was dominated by the diffusion current when the temperature approached 
room temperature. However, their current density-voltage characteristics were sensitive 
to device size as reflected by the inverse product of zero-bias resistance (R0) and device 
area (A) as a function of their perimeter–to-area ratio (P/A), as shown in Fig. 3.5. The 
contribution of bulk and surface currents on R0A can be separated by fitting the device’s 
R0A to the Eq. 1.14 [25]. The surface contribution to overall current at 300 K was 8.3% 
for 1 mm × 1 mm devices, and increased to 50% for 0.2 mm × 0.2 mm devices (the 
percentage was an average for different devices with the same size). This implies 





Figure 3.4: Dark current density vs. bias voltage from 78 to 333 K for a 
representative device of wafer R146. 
 
 
Figure 3.5: (R0A)-1 vs. P/A at 300 K for the devices fabricated from wafer R146. 
 




















































Device from wafer R146


































The photo-response at various temperatures was measured using an FTIR 
spectrometer and calibrated with a blackbody source (aperture diameter of 1.52 cm) at 
800 K with a 2π field of view (FOV). The device exhibited a smooth responsivity at 
zero-bias for all temperatures as shown in Fig. 3.6(a), and was insensitive to bias 
voltage as shown in Fig. 3.7.  The 100% cutoff wavelength for this device was 3.7 µm 
at 78 K, and extended to 4.3 µm at 300 K. Dips near 3.1 µm in the response spectra 
were observed at low temperatures (78-167 K) and attributed to ice formation (from 
residual air in the cryostat) on the device surface at these low temperatures [126,127]. 
This dip has previously been observed in the spectra of T2SL detectors at low 
temperatures [63,128-131]. The relatively low responsivity was due to the thin 
absorbers in each stage.  Compared to a conventional one-stage detector, the maximum 
responsivity and external quantum efficiency that can be achieved in an ICIP is reduced 
by the thin individual absorbers and multi-stage architecture. On the other hand, the 
thermal and shot noises are suppressed in ICIPs because the noise is proportional to the 
absorber thickness and inversely proportional to the square root of the number of 
cascade stages, NC. Therefore, the device performance of the ICIPs is better indicated 
by detectivity, D* (Eq. 2.1). In Eq. 2.1, the suppression of Johnson noise in a multi-stage 
ICIP implicitly follows from the large RDA associated with the series connection of 
cascade stages with thin absorbers, as compared to a single, thick absorber in a 
conventional detector. The Johnson-noise-limited detectivity, D* (for the representative 
device with size 0.2 ×0.2 mm2), under zero-bias at different temperatures is shown in 
Fig. 3.6(b). At high temperatures, the total current density J is dominated by the dark 
current density, Jd. The value of ~10
9 cmHz1/2/W at 300 K is lower than expected 
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because R0A was small due to significant surface leakage current. If the surface leakage 
current could be completely eliminated, the Johnson-noise-limited detectivity at 300 K 
would be ~20% higher (1.2×109 cmHz1/2/W), as determined by inserting (R0A)Bulk into 
Eq. 1.14.  At 300 K, the detectivity increases above 109 cmHz1/2/W with reverse bias, 
because RDA increases with reverse bias, while the shot noise increases more slowly, as 
illustrated in Fig. 3.7. 
 
Figure 3.6: (a) Zero-bias responsivity and (b) Johnson-noise-limited D* for a 
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Figure 3.7: RDA, responsivity, and D* vs. bias voltage for a detector from wafer 
R146 at 300 K. The D* was limited by Johnson noise under zero-bias, while both 
Johnson noise and shot noise were included under reverse bias. 
 
 
Figure 3.8: Response for devices from wafers Y001D, Y002D and Y003D under 
zero bias at 300 K. 
 































































Device from wafer R146
T=300 K, =3.3 m























The other three wafers Y001D, Y002D and Y003D are also in the regular 
illumination configuration with three-, six- and three-stage ICIP structures. However, 
their response curve exhibited an extremely strong GaSb response peak, as shown in 
Fig. 3.8. The reason for this behavior will be explained in the following section, and no 
further investigations are made for these wafers.  
3.3.2 ICIPs with reverse illumination configuration 
As indicated in Table 3.1, the ICIP structures for the Y-series wafers (except for 
Y001D, Y002D and Y003D) are in the reverse illumination configuration with varying 
absorber thickness and number of cascade stages. Devices with a bottom substrate 
contact were made from wafers Y004D, Y005D, Y007D, Y008D, Y009D Y010D, 
Y011D and Y012D. Some of them exhibited a significant response peak near the GaSb 
bandgap, as shown in Fig. 3.9, because the GaSb substrates had a nominal doping 
concentration of ps =2.6×10
16 cm-3, while the buffer layers were generally doped at 
pb=2.8×10
17 cm-3. Consequently, there is an electric field (similar to that in a pn 
junction) between the substrate and buffer layer that results in a small barrier 
(~kBT·ln(pb/ps)=62 meV at 300 K) that affects carrier transport across this junction, as 
can be seen from the inset to Fig. 3.9.  This junction facilitated the collection of photo-
generated carriers with photons at energies near the GaSb bandgap, which was 
especially significant for devices made from wafers with the regular illumination 
configuration (Y001D, Y002D and Y003D).  For devices with the reverse-illumination 
configuration, the photon-response peak near the GaSb bandgap, which was possibly 
caused by illumination through the etched trench, was substantially smaller.  
Nevertheless, its presence may affect the smooth transport and collection of photo-
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generated carriers initiated in the cascade region, resulting in a possible reduction of 
device responsivity.  This can be seen by comparing devices with and without the 
photon-response peak near the GaSb bandgap, as shown in Figs. 3.9 and 3.10. 
 
Figure 3.9: Responsivity of the device with a GaSb response peak near 0.72 eV 
from each wafer at 300 K. The inset shows the schematic band diagram between 
the buffer layer and the substrate for all wafers except R146 and Y014D. 
 
To further examine this effect, an electrical contact to the buffer layer was used 
for devices grown on the low-doped substrates and wafer Y014D was grown with the 
same structure as Y007D, on a substrate with the higher nominal doping concentration 
(1.6×1017 cm-3).  When a contact to the buffer layer was used for devices, the response 
peak near the GaSb bandgap was either substantially reduced or completely removed, 
and there was no GaSb-response peak for any devices made from Y014D (see Fig. 3.9).  
To minimize the effect of this junction on the device characterization, only the devices 
with small or no GaSb-response peaks were selected from each of these wafers for the 


















































more extensive investigation reported below.  Also, the series resistance for devices on 
substrates with different doping concentrations is expected to be different, which 
complicates the extraction of their intrinsic electrical properties. For example, the R0A 
of devices from Y007D and Y014D at 300 K were 0.089 and 0.042 Ωˑcm2, respectively, 
while their responsivities were nearly equal, as shown in Figs. 3.10 and 3.11.  
The zero-bias responsivity of the Y-series detectors at different temperatures is 
shown in Fig. 3.10, and their 100% cutoff wavelength is 4.2-4.6 µm at 300 K. Unlike 
the devices in Fig. 3.9 (except Y014D), none of the representative devices in Fig. 3.10 
and Fig. 3.11 showed a GaSb response peak under zero-bias. The one-stage detectors 
showed higher responsivities than those of the multi-stage ICIPs, which is due to their 
thicker absorbers. The responsivities at 3.3 µm of the devices from Y007D, Y011D and 
Y012D at 300 K were 0.67 (0.74), 0.83 (1.33) and 0.74 (1.55) A/W under zero bias 
(100 mV bias), respectively. As can be seen from Fig. 3.11(a), the zero-bias 
responsivities of devices from Y012D and Y011D increased with temperature up to 200 
K, due to bandgap narrowing; and then began to saturate and drop significantly for 
temperatures above 250 K, suggesting a reduction of the diffusion length below 2 µm 
above 250 K. At 300 K, the zero-bias responsivity of a device from wafer Y011D was 
somewhat higher than that from Y012D, indicating some variations of material quality 
as reflected by the longer cutoff wavelength in devices from Y012D.  The zero-bias 
responsivity of a device from Y007D increased up to 250 K, and then began to saturate 
and decrease slightly above 280 K, suggesting that the diffusion length was about 1 µm 
at 250 K and became shorter at higher temperatures. This means that multi-stage ICIPs 
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with relatively thin discrete absorbers should be appropriate to accommodate the 
shortening of the diffusion length at high temperatures.  
Indeed, except for the three-stage ICIP from Y010D with a 793-nm-thick 
absorber in the last stage, the zero-bias responsivity of devices from all other multi-
stage wafers did not decrease until about 300 K, as shown in Fig. 3.11(a). The zero-bias 
responsivity of the three-stage ICIP from Y010D was the highest (0.34 A/W at 3.3 µm 
at 250 K) among multi-stage ICIPs, but decreased with temperature above 250 K, 
suggesting that the diffusion length could be shorter than 0.8 µm at temperatures above 
250 K and indicating possible material quality variation in comparison with Y007D.  
This decrease may also be the result of deviations from the current matching between 
stages in Y010D devices at high temperatures, which could be more substantial due to 
their relatively thick absorbers (507/617.5/793 nm) in every stage. For the devices with 
absorbers that are thicker than the diffusion length at high temperatures, their 
responsivities became bias dependent. For example, devices from Y007D and Y010D 
became relatively sensitive to bias voltage at 280 K, while devices from Y011D and 
Y012D started to show strong bias dependence from 250 K. The bias dependence of the 
responsivity for these devices at 300 K is shown in Fig. 3.11(b) and Fig. 3.7, from 
which one can see that the responsivity for the current-matched ICIPs from Y004D, 
Y008D and R146) with relatively thin absorbers was nearly insensitive (5%) to the 
bias voltage. This suggests that the diffusion length at 300 K is probably comparable to 
the thickness of the thickest absorber (~0.6 µm) in these devices.  However, the 
responsivity of the one-stage device from Y014D was nearly insensitive to bias voltage. 
Considering possible variations and non-uniformity of material quality and device 
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fabrication, the diffusion length for these detectors is estimated to be 0.6 to 1.0 µm at 
high temperatures (250-300 K). 
 































































































For the multi-stage ICIPs, the device from R146 with a regular illumination 
configuration had a lower responsivity than the ICIPs with a reverse illuminating 
configuration.  This occurred because the thinnest absorber (253.5 nm for the 1st stage) 
in R146 was thinner than in devices from the other wafers (≥312 nm for the 1st stage). 
Additionally, no electrical gain was present in devices with the regular illuminating 
configuration, while a gain exceeding unity was observed in devices with the reverse 
illuminating configuration, which will be discussed in section 2.3. 
For devices made from wafers Y004D, Y005D, and Y008D, the absorber 
thickness (312 nm) in their first stage is the same, and their responsivities and 
temperature dependences were very similar.  Wafers Y004D and Y005D were designed 
with the identical structure (although with different doping concentrations in their 
buffer layers) and their devices showed little difference in their responsivity. Similarly, 
their detectivities (see Table 3.2 and Fig. 3.12) are essentially the same, demonstrating 
excellent MBE growth repeatability for the same campaign period.  Additional stages in 
Y008D compared with Y004D and Y005D (6 vs. 3) resulted in devices with slightly 
lower responsivity at high temperature, which was probably the result of a slight current 
mismatch between the optically deeper stages with relatively thick absorbers.  
Nevertheless, the additional stages in Y008D resulted in devices with a higher R0A and 
D* than observed in devices from Y004D and Y005D (see Table 3.2 and Fig. 3.12).  
The characteristics of devices at 300 K made from all the wafers are summarized in 




Figure 3.11: (a) Zero-bias responsivity at 3.3 µm vs. temperature and (b) Bias 
dependent responsivity at 300 K for all the detectors from all wafers. In the top 
portion of (a), the number in the parentheses indicates the absorber thickness for 
one-stage devices.  Different vertical scales are used in the top and bottom portions 
to better show variations. 
 
Table 3.2: Performance at a wavelength of 3.3 µm for ICIPs (background 
temperature=25 ℃, FOV=2π) at 300 K. 
 
Detector R146 Y004D Y005D Y008D Y009D Y010D Y007D Y014D Y011D Y012D 
# of stages 8 3 3 6 8 3 1 1 1 1 




0.20 0.40 0.40 0.50 0.20 0.40 0.20 0.10 0.20 0.20 
Zero-bias D* 
(cmˑHz1/2/W) 
9.7×108 1.3×109 1.1×109 1.5×109 1.1×109 1.6×109 1.6×109 1.0×109 1.3×109 1.0×109 
Rλ (A/W) 0.13 0.24 0.21 0.20 0.15 0.31 0.67 0.64 0.84 0.71 
R0A (Ωˑcm
2) 0.96 0.46 0.51 0.93 0.86 0.42 0.089 0.042 0.041 0.036 

























0.26 0.17 0.15 0.17 0.26 0.23 0.45 0.87 1.13 1.52 
Rλ (A/W) 
under bias 
0.14 0.24 0.23 0.20 0.16 0.35 0.74 0.64 1.30 1.48 
RDA (Ωˑcm
































































































Figure 3.12 shows the zero-bias detectivities of devices from each wafer.  
Although the one-stage detectors had significantly higher responsivities due to their 
thick absorbers, their zero-bias detectivities (1.0-1.6×109 cmˑHz1/2/W) were comparable 
to, or somewhat lower than, those of the ICIPs. This is because the devices with thick 
absorbers had a substantially lower R0A and higher Johnson noise. At a finite reverse 
bias, the responsivity increased substantially for the one-stage devices from Y011D and 
Y012D with thick absorbers (>2 µm), resulting in somewhat higher detectivity (2.0-
2.1×109 cmˑHz1/2/W). However, D* is smaller in the device from Y012 with the thicker 
absorber (3.12 µm) than in the device from Y011D with a thinner absorber (2.34 µm).  
This is because the increase of responsivity is less than the increase of noise after the 
absorber  reaches a certain thickness [132], especially when the diffusion length has a 
finite value [83], resulting in a reduced D* with further increase of absorber thickness. 
This limitation can be, in principle, circumvented or significantly alleviated in ICIPs 
based on a discrete absorber architecture with total absorber thickness well beyond the 
diffusion length, resulting in an optimized D* exceeding the maximum value that a 
single-stage detector can achieve [83].  Practically, this requires a sophisticated MBE 
system that can grow high-quality thick ICIP structures with stable fluxes over many 
hours (>10) and appropriate device fabrication with excellent passivation to minimize 
the surface leakage current that reduces R0A because ICIPs trade signal for reduced 
noise. The ICIPs that were investigated in this work are far from optimal in terms of 
material quality, device fabrication, total absorber thickness and current matching.  
Nevertheless, they are already appropriate for uncooled, high-speed operation as 




Figure 3.12: Johnson-noise-limited D* for detectors from all wafers at 300 K. 
 
From the experimental results discussed above on ICIPs with individual 
absorber thicknesses that are varied for current matching between cascade stages, it is 
evident that the responsivity depends on how well the current is matched.  To further 
investigate this dependence, ICIPs were made from wafer Y009D which was designed 
with identical absorbers in each of its 8 stages. For a good comparison, the absorber 
thickness (312 nm) in Y009D was made equal to that of the first stage of ICIPs from 
wafers Y004D, Y005D and Y008D and the doping concentration in the absorber was 
kept the same (3.8×1016 cm-3). The responsivity of the device from Y009D 
(e.g., 0.15 A/W at 300 K) was substantially lower than the value achieved in devices 
from the other three wafers (e.g., 0.20 A/W at 300 K) at all temperatures, as shown in 
Fig. 3.11(a). This is attributed to significant mismatch of photocurrent between cascade 
stages with nominally equal absorbers in Y009D because the light intensity was 
substantially attenuated in optically deeper stages after partial absorption in preceding 
stages. This result contradicts the findings reported in Ref. [87]. In those experiments, 







































the responsivity of five-stage MW ICIPs with identical absorbers was approximately 
linearly proportional to the individual absorber thickness, without being affected by the 
light intensity attenuation along the propagation direction even though the total absorber 
thickness exceeded 2 µm.  This behavior cannot be explained and understood by 
existing theories [14,83], but might be related to the electrical gain that will be 
discussed in section 2.3. Another puzzle in Ref. [87] is that the measured R0A increased 
as the absorber became thicker with diffusion limited transport at high temperatures 
(e.g., 300 K), which is opposite to what theories projected [83,99,133], but might be 
related to imperfect device fabrication as discussed below. 
 
Figure 3.13: Size dependence of R0A for the six- and eight-stage devices from 
wafers Y008D and Y009D at 300 K. 
 
 The device fabricated from Y009D with identical absorbers also showed a 
smaller R0A (0.86 Ωˑcm
2 at 300K) than the device from Y008D (0.93 Ωˑcm2 at 300K), 
which contradicts the predictions of a diffusion transport model [83]. In order to 
examine whether this was related to the surface leakage current, (R0A)Bulk was extracted 


















































by fitting the device R0A to Eq. 1.17. Figure 3.13 shows the size dependence of R0A for 
the devices from Y008D and Y009D at 300 K. The extracted (R0A)Bulk for Y009D was 
substantially larger than for Y008D, which is consistent with the theoretically expected 
dependence on absorber thicknesses and number of stages [83], while the side-wall 
resistivities were comparable since the devices were fabricated at the same time.  
 
 Absorption coefficient and electrical gain 
The absorption coefficient was around 3100 cm-1 at 3.3 µm based on 
transmission measurements from the three one-stage wafers, as shown in Fig. 3.14.  
This value is in good agreement with the values reported for T2SLs [134-136] and close 
to the value that was used to design the current matched ICIPs (3000 cm-1).  Since the 
photocurrent generated in each stage is equal in the current matched ICIPs, the quantum 
efficiency of each stage should be equal as well and can be expressed as 
1 2 11 1 2 )/ (1 ) (1 ) (1 ) (1 )N N
d d d dd d d
R e e e e e
     
         ,             (3.1) 
where: η is the quantum efficiency, α is the absorption coefficient, R is the reflectance at 
the device’s top surface, and dN is the absorber thickness for stage N. For the ICIPs with 
equal absorber thickness (d) in each stage, the photocurrents generated in the different 
stages are not equal. The photocurrent generated in the last stage is the smallest among 
the cascade stages due to the light intensity attenuation in the absorbers, and 
consequently the quantum efficient is limited by the photocurrent in the last stage 
according to 




     ,                                  (3.2) 
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If the electrical gain, G, in the detectors is not unity, the responsivity can be 
described as [61]: 
1(1 )(1 )
d





     ,                              (3.3) 
where λ, h, and c are the wavelength, Planck constant and speed of light, respectively.  
 
Figure 3.14: Absorption coefficient extracted from transmission measurements 
based on the one-stage wafers Y007D, Y011D and Y012D. 
 
According to Eqs. 2.1-2.3, the electrical gain can be extracted from 
experimentally measured absorption coefficients and responsivities for all devices. In 
the calculation of the quantum efficiency, only the first stage was considered with 
Eq. 3.1 for the current matched ICIPs and only the last stage was considered with 
Eq. 3.2 for ICIPs with identical absorbers. The extracted electrical gain at 3.3 µm is 
shown in Fig. 3.15 for representative devices at 300 K from all wafers (except Y005D 
which is similar to Y004D).  With the reverse illumination configuration, the electrical 
gain at 300 K was between 1.2 and 1.6 under saturated bias for current-matched ICIPs 


































At room temperature, T297K




and one-stage detectors, and nearly reached 2 for the eight-stage noncurrent-matched 
ICIP. Gain exceeding unity was also observed in T2SL detectors (>5) [61] and in our 
previous type-I GaInAsSb detectors [95]. However, the electrical gain in devices from 
R146 with a regular illumination configuration was close to unity.   
There are two possible mechanisms for producing an electrical gain above unity. 
One mechanism, implied in Ref. [83], arises from the distribution of bias voltage or 
electrical potential across individual cascade stages during device operation. For a 
multi-stage ICIP under illumination at zero-bias, the electrical potential across each 
individual stage will self-adjust to achieve equal current through each stage. If the 
number of photo-generated carriers is not equal in every stage, the electrical potential 
across each stage would also not be equal. The requirement of current continuity forces 
the stage with the largest amount of photo-generated carriers (typically the first stage in 
a non-current-matched ICIP with identical absorbers) to be slightly forward biased such 
that a forward injection current will partially offset the photocurrent. Hence, the 
responsivity in a non-current-matched ICIP is smaller than that in a current-matched 
ICIP, as observed in this work. Consequently, other stages with smaller amounts of 
photo-generated carriers will necessarily be under reverse bias to make the total voltage 
across all stages zero.  The reverse bias will add a thermal generation current in those 
stages along the same direction as the photocurrent, resulting in an effective increase of 
the photo-current. When the thermal generation current is higher than or comparable to 
the photo-current (which is possible at high temperatures), the stages under a reverse-
bias voltage could have a significant electrical gain as observed in the non-current-
matched ICIPs from wafer Y009D, and also recently observed in long wavelength non-
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current-matched ICIPs [94]. Of course, this mechanism cannot explain the gain 
observed in one-stage devices, which leads us to now discuss the second possible 
mechanism.   
According to the theory of photoconductors [31], the photoconductive gain is 
determined by the ratio of the carrier lifetime (τ) to the transit time (τt), which can be 
larger than 1. The ICIPs with short absorbers can be viewed as photoconductors, 
especially under a bias, in which the carrier transit time might be substantially shorter 
than the carrier lifetime, resulting in an electrical gain exceeding unity. This argument 
seems to be supported by the largest gain observed from non-current matched ICIPs 
from Y009D where all absorbers are kept thin (312 nm). However, this argument is not 
completely supported by somewhat randomly distributed values of G for ICIPs and one-
stage devices with various absorber thicknesses (see Fig. 3.15). Such a high electrical 
gain was not observed from our previous ICIPs [14,15] (and R146) with the regular 
illumination configuration on GaSb substrates with a relatively high p-type doping 
concentration. To exclude the possible effect of the substrate that caused the extra GaSb 
response peak discussed earlier, a one-stage detector, Y014D, with the same structure as 
Y007D was grown on a GaSb substrate with a p-type doping concentration similar to 
that in R146. An electrical gain of 1.3 was observed in the detector from Y014D, 
although its value was smaller than that for Y007D (1.5) (see Fig. 3.15).  At this 
moment, we do not fully understand what is responsible for these electrical gains.  




Figure 3.15: Extracted electrical gain at 3.3 µm for the devices from all wafers at 
300 K. 
 
 Summary and concluding Remarks 
In summary, MWIR one-stage detectors and ICIPs were studied with different 
absorber thicknesses, numbers of stages, and illumination configurations, as well as 
variations in substrate and buffer layer doping concentration. The multi-stage ICIPs 
were capable of operating at higher temperatures at zero-bias with superior carrier 
transport over the conventional one-stage detectors. Values of Johnson-noise-limited 
detectivity D* exceeding 109 cmˑHz1/2/W were obtained at 300 K.  Based on the 
temperature dependence and the bias sensitivity of their responsivities with various 
absorber thicknesses, the diffusion length is estimated to be between 0.6 to 1.0 µm for 
T2SL materials at high temperatures (>250 K). By comparing responsivities between 
current matched ICIPs with various absorber thicknesses and noncurrent-matched ICIPs 
with equal absorbers, it was shown that the current-matching between cascade stages is 































T=300 K, =3.3 m
68 
 
important and necessary to achieve the maximum responsivity. In addition, electrical 
gain exceeding unity was demonstrated in these detectors in the reverse illumination 
configuration. This study illustrates the flexibility and potential advantages for ICIPs to 
achieve significantly improved device performance with advanced growth technology 
and better device fabrication. Currently, the understanding and device performance of 
ICIPs are still in a relatively early phase. With the wider availability of room 
temperature quantum cascade lasers [72,137,138] and advanced IC lasers 
[78,84,139,140], it is expected that the demands for room-temperature high 
performance MWIR detectors will grow, which will push for further understanding and 
development of ICIPs. Recently, the high-frequency operation of a mid-infrared 
interband cascade system that consists of a type-I interband cascade laser and an 
uncooled ICIP is demonstrated at room temperature [91] with a 3-dB bandwidth for an 
uncooled ICIP of 1.3 GHz. This initial study indicates the great potential of ICIPs for 




 Mid-wave interband cascade infrared photodetectors 
based on GaInAsSb absorbers 
 Background and motivation 
Interband cascade structures have been explored for constructing multi-stage IR 
photodetectors with the advantage of circumventing the finite diffusion length limitation 
in narrow bandgap photodetectors [14], leading to improved high-temperature and high-
speed operation [14,15,62,65,88]. By using InAs/GaSb T2SL as the absorbers, ICIPs 
have been demonstrated over a wide wavelength range from SW to VLW (2.9 to 
16 µm) [14,15,62-65,88]. InAs/GaSb T2SL absorbers have certain advantages, such as 
low tunneling current (with a relatively large effective mass insensitive to the SL 
bandgap) and the suppression of Auger recombination [8]. However, the drawback of 
T2SL detectors is their relatively small absorption coefficient. This issue can be 
alleviated by using bulk semiconductor materials such as GaInAsSb as the absorbers. In 
contrast to T2SL where electrons and holes are mainly located in different layers, 
GaInAsSb absorber allows even distribution of electrons and holes in the same layer 
and interfaces are eliminated. Consequently, high optical absorption coefficient and 
responsivity can be achieved with relatively thin GaInAsSb absorbers, which is 
desirable to obtain fast response without compromising signal strength. Additionally, 
the use of GaInAsSb absorbers, instead of T2SL absorbers with many interfaces, 
drastically reduces shutter movements during their MBE growth, which should make 
the mechanical parts of MBE last significantly longer without maintenance. The 
bandgap of Ga1-xInxAsySb1-y can be tailored by changing the composition to cover from 
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0.25 to 0.73 eV, while keeping it lattice matched to GaSb [141]. Although the growth of 
quaternary GaInAsSb alloys is challenging, especially in immiscibility regions 
[142,143], they have been used in infrared optoelectronic devices such as lasers 
[144,145], thermophotovoltaics [110,111], and infrared photodetectors [146-148]. 
Nevertheless, to the best of my knowledge, GaInAsSb detectors have not been reported 
in MWIR wavelength region beyond 3 µm even though the growth of thick GaInAsSb 
layer had been demonstrated on GaSb substrates with substantial strain and improved 
material quality [145,149,150]. Also, until this work, there has not been any study 
reported with bulk GaInAsSb material in ICIPs.  
In this chapter, the initial investigation of ICIPs with quaternary GaInAsSb 
absorbers is discussed with a cutoff wavelength beyond 4 µm at 300 K. High absorption 
coefficients (compared to T2SL at similar wavelength) and gain have been observed 
from these initial GaInAsSb ICIPs, suggesting a possible improved frequency response 
for high speed application with the larger photocurrent (signal) caused by the enhanced 
absorption. 
 
 Device structures and material growth 
Two detector structures were designed with quaternary Ga0.44In0.56As0.5Sb0.5 
absorbers, which are lattice matched to the GaSb substrate and with a bandgap of about 
0.29 eV at 300 K [141], corresponding to a cutoff wavelength of 4.3 µm. One structure 
is three-stage ICIP (ICIP-3) that has three cascade stages with thicknesses of individual 
absorbers designed as 260, 365 and 575 nm, respectively, as shown in Fig. 4.1. Thicker 
absorbers in the optically deeper stages are to ensure the photocurrent matching.  The 
71 
 
other one is one-stage detector (ICIP-1), in which the absorber thickness is 1,200 nm, 
equal to the total absorber thickness of ICIP-3. The p-type absorbers (p=2.8×1016 cm-3) 
were sandwiched between the electron and hole barrier in each stage, as shown in 
Fig. 4.1. The hole barrier is composed of digitally graded three InAs/Al(In)Sb QWs 
with well layer thickness of 83, 72, and 65 Å, respectively. The electron barrier is 
composed of digitally graded seven GaSb/AlSb QWs with well layer thickness of 10, 
12, 15, 19, 25, 36 and 53 Å, respectively, which is significantly thicker than the electron 
barrier with fewer GaSb/AlSb QWs in our previous ICIPs [14,15] and should be 
sufficient to force electrons move towards the preferred direction.  
 
Figure 4.1: Schematic energy band profile of a three-stage ICIP with reverse 
illumination configuration. Variation of the absorber thickness is designed to 
achieve photocurrent matching between stages. 
 
The ICIP structures were grown on nominally undoped p-type GaSb substrates 
at IQE Inc. in an Oxford-VG V-100 solid source MBE tool using a production epitaxial 
growth process developed specifically for Sb-based materials.  Group V (As, Sb) fluxes 
were controlled by valved cracker cells, while the group III molecular beams (In, Ga, 
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Al) were produced via SUMO or conical effusion cells. Substrate growth temperatures 
for the bulk absorber and barrier QW sections ranged from 400 to 500 °C, depending on 
the layer alloys and position within the structure. Additional details of the MBE 
configuration and in situ control tools have been previously described [151,152]. The 
undoped GaSb substrates were (100) with a miscut orientation of <0.5° and an epi-ready 
surface.  Both ICIP structures are in the reverse illumination configuration [65], in 
which the hole barrier is close to the top surface and the light is incident on this top 
surface (Fig. 4.1). 
 
Figure 4.2: High resolution x-ray diffraction measurements for one-stage (blue) 
and for three-stage (red) wafers.  
 
The crystalline quality of the ICIP wafers was investigated using high resolution 
x-ray diffraction (HRXRD), as shown in Fig. 4.2. The full width at half maximum 
(FWHM) of the measured main peak are 38 and 21 arc seconds for one- and three-stage 
wafers, respectively, indicating very good structural quality for both wafers, with the 






























three-stage wafer being somewhat better. The one-stage wafer had a small compressive 
strain (810 ppm), while the three-stage wafer had a small tensile strain (-520 ppm). 
From the inset HRXRD, multiple adjacent peaks beside substrate peak may indicate 
somewhat different compositions of the GaInAsSb alloys caused by small deviations 
from the targeted alloy composition during the MBE growth. Both wafers had surface 
defect densities lower than 1×103 cm-2 under optical microscope with defect size in the 
range of 1.3 to 50 µm2. After the growth, the device fabrication process followed the 
process flow described in section 3.2.  
 
 Results and discussion 
4.3.1 Electrical characteristics 
The electrical characteristics of detectors from both wafers were examined over 
a wide range of temperatures (78 to 340 K). The dark current densities Jd of three-stage 
ICIPs are lower than the one-stage devices for each temperature from 78 K to 340 K, as 
shown in the Fig. 4.3(a). This agrees with theoretical projections for thin individual 
absorbers and multiple stages [83]. Dark current densities in these GaInAsSb ICIPs are 
generally higher than those observed in our T2SL ICIPs with similar cutoff wavelength. 
For example, the dark current densities are 2.3×10-4 and 2.0×10-5 A/cm2 for one- and 
three-stage ICIPs at 50 mV reverse bias at 78 K, respectively. One possible reason for 
this behavior is the small effective mass that might cause excessive leakage current 
(similar problems are observed in MCT detectors) [153]. Another factor for high dark 
current density is a possible additional leakage channel with a relatively low shunt 
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resistance. This is evident at a low bias region (<100 mV) and reverse bias at low 
temperatures (<200 K) [154], where the effective resistances of the detectors are large 
so that the impact of the shunt resistance in parallel is more significant. Under a high 
forward bias or at high temperatures (>200 K), other current components such as the 
diffusion current and recombination current exponentially increase and become more 
dominant than the shunt current via the leakage channel. The extracted product of 
dynamic resistance (RD) and device area (A) is plotted in Fig. 4.3(b), which shows RDA 
peaked at a reverse bias for high temperatures. This suggests that the carrier transport at 
high temperatures is more diffusion-dominant at low reverse bias. The shunt resistance 
plays a more dominant role at low temperatures and limits the value of R0A (RDA at zero 
bias voltage). For example, the value of R0A for all devices was less than 4,000 Ω·cm
2 
at 78 K. Hence, the Johnson noise limited detectivities are relatively small at low 
temperatures. At higher temperatures (above 200 K), dark currents converge at a high 
forward bias, with a constant series resistance (~5 Ω) indicating a good ohmic contact, 
as shown in Fig. 4.3(b). This series resistance is significantly smaller than that for this 
device at 300 K (>100 Ω). This series resistance may have some effect on accurate 
determination of certain properties (i.e. responsivity and Johnson-noise limited 
detectivity) for large size devices (R0<10 Ω) at the higher temperature (>300 K). Hence, 
the value of this series resistance was subtracted in the value of R0A for devices in 




Figure 4.3: (a) Dark current densities (b) dynamic resistance-area products as a 
function of bias voltage from low to high temperatures for one- and three-stage 
detectors. The positive voltage denotes the reverse bias, as the detectors have the 
reverse configuration. 
 
Generally, because of shorter individual absorbers and multiple stages, the value 
of R0A is significantly higher in three-stage ICIPs than in one-stage detectors at every 
temperature. Also, their R0A values are less sensitive to the device size for three-stage 
devices, as shown in Fig. 4.4, where R0A is plotted as the perimeter to area ratio (P/A) at 
high temperatures (see Fig. 4.4(b)).  From 200 K up to 340 K, R0A was nearly 
independent on the device size for three-stage ICIPs; and its size dependence was also 
weak for one-stage devices. These observations suggest that the leakage current might 
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be from bulk defects. This is reflected by small activation energies that were extracted 
from devices, as show in Fig. 4.4(a).  The activation energy was obtained by an 
Arrhenius plot of device R0A over the temperature range with the Eq. 1.13. As show in 
Fig. 4.4(a), a small activation energy of 30 meV is extracted from devices at low 
temperatures, which is indicative of surface leakage or defect-assisted tunneling 
currents. In the high temperature range (200-340 K), the extracted activation energies 
are 280 meV for three-stage and 260 meV for one-stage detectors. These values fall 
between the device bandgap (Eg=370 meV at 78 K) and the half-bandgap value. This 
suggests the existence of the Shockley-Read-Hall (SRH) recombination centers which, 
even though localized in the bulk materials, become dominant paths for tunneling and 
recombination current under certain conditions [155,156], and contribute significantly 
to leakage current over the entire temperature range.  
Figure 4.4: (a) Arrhenius plot for one- and three-stage devices with different sizes. 
Inset: activation energy extracted from selected devices. (b) (R0A)-1 vs. P/A for one- 
and three-stage devices at different temperatures. The values at 300 and 340 K had 
been subtracted by corresponding series resistance. 
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4.3.2 Optical characteristics 
The photo-response spectra of devices at various temperatures were measured 
using a FTIR spectrometer and calibrated with an 800 K blackbody source (aperture 
diameter 1.52 cm). The cutoff wavelength is 3.7 (3.6) µm at 78 K and extends to 
4.6 (4.5) µm at 300 K for the one-stage (three-stage) detectors. Figure 4.5(a) displays 
the responsivity for both one- and three-stage detectors (at 50 mV) in a temperature 
range from 78 to 340 K. The responsivity in both detectors is bias dependent at all 
temperatures, which might be caused by an undesirable barrier [60,65,88,157] in the 
carrier transport path. For a clear illustration, the responsivity at a wavelength () of 
3.3 µm is shown in Fig. 4.5(b) for devices at 0 and 50 mV, and the bias dependence is 
shown in Fig. 4.5(c) for both one-stage and three-stage devices at various temperatures. 
At low temperatures (78 to 125 K), devices from both wafers reached the maximum 
response at a reverse bias voltage of 50 mV. However, the responsivity for three-stage 
ICIPs is less sensitive to bias voltage, and is nearly unchanged with the bias voltage at 
high temperatures (>250 K), where the thermal energy could be sufficient to assist 
carriers to overcome the unintended barrier. In contrast, one-stage devices have strong 
responsivity dependence on bias over the entire range of temperatures and requires 
higher reverse bias to reach the maximum as the temperature increases (Fig. 4.5(c)). For 
instance, at 300 K, the responsivity at 3.3 µm for the one-stage device increases from 
0.68 A/W at zero-bias to the maximum of 0.92 A/W near 150 mV (an increase of 35%). 
These large variations and the requirement of the higher bias voltage to reach peak 
responsivity for the one-stage device at high temperatures can be explained by the 
reduction of carrier diffusion length shorter than the absorber thickness (1.2 µm). 
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Because of thinner individual absorbers (<0.6 µm) in the three-stage devices, efficient 
collection of photo-generated carriers is maintained over the whole operating 
temperature range. This is supported by the continuous increase of responsivity with the 
temperature for the three-stage devices, as shown in Fig. 4.5(b) and (c). To be 
mentioned here, with the narrowing of the bandgap, the responsivity of the one-stage 
device at a reverse bias also increased when temperature was raised from 78 to 300 K, 
but at a slower percentage change, and then reduces from 300 to 340 K. These results 
demonstrate that multiple stage ICIPs with thin absorbers have superior carrier transport 
over a one-stage device.  
 
Figure 4.5: (a) Responsivity under 50 mV (b) Temperature dependence of 
responsivity at 3.3 µm for 1- and 3-stage ICIPs under 0 and 50 mV bias. (c) bias 
dependence at various temperatures.  
 
Additionally, an unusual temperature dependent responsivity was observed for 
the one-stage detectors under zero bias, as shown in Fig. 4.5(b). It decreases when 
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temperature increases from 125 to 200 K, and then increased again with temperature up 
to 300 K.  This behavior is not yet understood.  Furthermore, after reaching its peak 
value, the responsivity sharply decreases with further increase of the reverse bias 
voltage in one-stage detectors, as shown in Fig. 4.5(c). This behavior is also observed 
for three-stage devices at low temperatures, but at substantially small scales, however, 
similar behavior was never observed in our previous T2SL photodetectors with either 
single or multiple stages. Similar responsivity dependence on bias voltage are observed 
by other groups in T2SL [60] and MCT [157] photodetectors, for which trap-assisted 
tunneling is thought to be possibly responsible. Currently in this work, it is not clear 
whether the underlying mechanism is specifically related to the GaInAsSb absorber or 
to defect-assisted tunneling. These possible mechanisms will be investigated in the 
future.  
Assuming that all photon-generated electrons are collected, the absorption 









  ,                       (4.1) 
where Rλ is the responsivity, η is the external quantum efficiency, R is the reflectance at 
the device surface, and d is the absorber thickness. Considering that the photocurrent 
was determined by the first absorber (the thinnest one), the absorption coefficient is 
extracted and plotted in Fig. 4.6 along with the experimental result obtained from a 
transmission measurement on a piece of the one-stage wafer. For most of the measured 
region, the absorption coefficient extracted from the responsivity is significantly higher 
than the typical value (2000-3000 cm-1) in T2SLs, and also substantially higher than the 
experimental value determined from the transmission measurement as shown also in 
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Fig. 4.6.  For example, the absorption coefficient is 6,200 and 7,500 cm-1 at 3.3 µm 
based on responsivity for one- and three-stage devices at 300 K, which is higher than 
the experimental value of 4,900 cm-1 obtained from the transmission measurement. Also 
included in Fig. 4.6 is the theoretically calculated absorption coefficient based on a 
model [158] and the optical effective mass [159] including nonparabolic effects 
calculated with an eight-band model [160], where a band gap of 0.3 eV was used for 
GaInAsSb absorber. The theoretically calculated result for  agrees well with the 
experimental value obtained from transmission measurement for photon energy near the 
bandgap up to 0.4 eV. The higher absorption coefficient extracted from the device 
responsivities, compared with the result obtained from the transmission measurement, 
suggests a gain exceeding unity. According to photoconductive theory [31], the 
photoconductive gain is determined by the ratio of the carrier lifetime () to the transit 
time (t),  which can be larger than 1 when the carrier lifetime is longer than the transit 
time. The ICIPs with short absorbers can be viewed as photoconductors, especially 
under a bias, in which carrier transit time might be substantially shorter than the carrier 
lifetime, resulting in a gain exceeding unity. This high gain was similar to the gain 
observed in ICIPs with T2SL absorbers [92,94].  Moreover, high gains (>5) have been 




Figure 4.6: Theoretically calculated absorption coefficient compared with 
experimental result and extracted values from external quantum efficiency. 
 
To further evaluate the device performance, the normalized detectivity, D*, is 
determined according to the following Eq. 4.1 for devices based on their responsivities 
and electrical properties by considering Johnson noise and shot noise, as plotted in 
Fig. 4.7. The detectivities for the one- and three-stage detectors at low temperatures 
were not very high (1.8×1011 and 1.1×1011 cm·Hz1/2/W at 3.3 µm and 78 K), they were 
limited by small R0A values at low temperature, as discussed earlier. At 300 K, both 
one- and three-stage detectors had Johnson-noise limited detectivities of 
109 cm·Hz1/2/W at 3.3 µm under zero-bias voltage, which is comparable to the values 
obtained for T2SL ICIPs with a similar cutoff wavelength and for InAsSb nBn detectors 
with a 2-µm-thick absorber and cutoff wavelength near 4.5 µm at 300 K [55]. Under 
low reverse bias at 300 K, the device resistance increases by bias, as shown in 
Fig. 4.3(b), resulting in an increase of D*, as shown in Fig. 4.7(b).  In fact, D* is 
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somewhat higher in the one-stage device than that in the three-stage ICIP, because of 
the substantial increased responsivity in the one-stage device with the reverse bias. Here 
the benefit of ICIPs in terms of D*, is not clearly observed, mostly because the R0A 
values of the three-stage detectors was significantly lower than the theoretical 
projections for the ideal ICIPs [83] (i.e. transport is diffusion-limited and the diffusion 
length is longer than the absorber thickness), where R0A in the three-stage ICIP would 
be about 10 times larger than that in the one-stage device. Issues such as leakage current 
associated with imperfect device passivation and bulk defects are the main reasons for 
the underperformance of the three-stage ICIPs presented in this work. When the total 
absorber thickness is equal for a multiple stage ICIP and a conventional one-stage 
detector, if the carrier transport is not dominated by diffusion, the expected high 
resistance with the discrete absorber architecture will not be achieved, resulting in a 
detectivity lower than theoretically projected. However, the total absorber thickness 
does not have to be equal, especially when the diffusion length is significantly shorter 
than the absorption length (=1/). In such a case, an ICIP can have more cascade stages 
with the total absorber thickness significantly longer than the diffusion length and the 
single absorber thickness of the conventional detector. Consequently, the device 





Figure 4.7: (a) Johnson noise limited D* at different temperatures for devices at 
zero-bias. (b) D* under zero-bias and a reverse bias voltage for devices at 300 K. 
 
 Summary and concluding remarks 
MWIR detectors have been demonstrated at temperatures up to 340 K based on 
absorbers composed of the quaternary GaInAsSb alloy in both a discrete absorber 
architecture and a conventional single absorber structure. Absorption coefficients 
(e.g. ~5000 cm-1 at 3.3 µm) significantly higher than the typical value (2000-3000 cm-1) 
in T2SLs are observed. Additionally, gain factors exceeding unity are observed in both 
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reaches 109 cm·Hz1/2/W at 300 K, comparable to T2SL photodetectors with similar 
cutoff wavelengths. Nevertheless, the exploration of GaInAsSb-based MWIR 
photodetectors, particularly with the discrete absorber architecture, is in the preliminary 
phase and there are aspects that need to be understood and studied further. ICIPs with 
GaInAsSb absorbers will have potential advantages for high-speed applications with 







 Long wavelength interband cascade infrared 
photodetectors operating at high temperatures 
 Background and motivation 
Long wavelength infrared photodetectors have long been investigated for 
environmental, industrial and military applications. Past efforts have been mainly 
devoted to several types of long wavelength infrared photodetectors, such as: quantum 
well infrared photodetectors (QWIPs) [31,32], quantum dot infrared photodetectors 
(QDIPs) [163,164], mercury cadmium telluride (MCT) [157,165] detectors, and III-V 
based T2SL [16,166,167] infrared photodetectors. These LWIR photodetectors have 
traditionally been limited largely to operation at low temperatures (typically 78-200 K) 
in order to reduce the noise and achieve high device performance. This requires 
cryogenic cooling which raises the cost and the size of the device package. MCT 
detectors can operate at room temperature [1,168], but the device performance is not 
optimal (e.g., detectivity D*~8 ×107 Jones at 300 K at a cutoff wavelength near 8 µm) 
with a small product of resistance and device optical area (e.g., ~0.0001 Ω·cm2, two 
orders of magnitude lower than achieved by the cascade devices reported in this paper). 
In addition, MCT detectors must contend with undesirable issues, such as relatively 
small substrates of irregular size, and non-uniform epilayers. Nearly two decades ago, a 
p-i-n photodiode with a 2.5 µm-thick InAs/GaSb T2SL active region was reported to be 
capable of operation at room temperature with a cutoff wavelength of 8 µm and a peak 
detectivity of 1.2 ×108 Jones [169], and uncooled T2SL photoconductors were also 
reported in the LWIR region with a responsivity of 2 mA/W [169,170]. However, little 
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further work on LWIR SL detectors was done to improve their room temperature 
operation. 
One of the major difficulties for room temperature operation of LWIR 
photodetectors is the reduced carrier diffusion length at this high temperature. The 
diffusion length for MWIR [89] and SWIR [171] T2SL detectors at 300 K were recently 
reported to be 0.4 and 0.45 µm, respectively. The diffusion length is expected to be even 
shorter for LWIR T2SL detectors at 300 K. With a discrete absorber architecture that 
circumvents this diffusion length limitation, interband cascade infrared photodetectors 
(ICIPs) [14,15,62,64,65,83] based on InAs/GaSb T2SL materials have great potential 
for high temperature operation. An ICIP consists of multiple series-connected cascade 
stages, where each stage is a T2SL absorber sandwiched by an electron barrier and a 
hole barrier, as shown in Fig. 2.5. The absorber is thinner than the diffusion length, so 
that photo-generated carriers can be efficiently collected without recombining during 
transport, while the incident light absorption is enhanced significantly by the multiple 
discrete absorbers. Thermal and shot noises are suppressed in ICIPs because the noise 
current squared is proportional to the absorber thickness and inversely proportional to 
the number of cascade stages, NC [14,89]. Consequently, for the same level of current 
through the device, the shot noise in an ICIP is reduced approximately by (1/NC)
1/2 
compared to that in a single-stage detector. Generally, the maximum responsivity (and 
external quantum efficiency) that can be achieved in an ICIP is reduced by the thin 
individual absorbers and multi-stage architecture. This is compensated by the 
suppression of noise, resulting in an enhanced signal-to-noise ratio (i.e. detectivity) at 
high temperatures even with a short diffusion length and a small absorption coefficient 
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in the LWIR region.  Therefore, the device performance for ICIPs is better indicated by 
the detectivity rather than only by the responsivity or external quantum efficiency, in 
contrast to conventional detectors with a single absorber.  This is appropriate when the 
readout circuit noise and system noise are lower than the device noise, which is true for 
LWIR detectors at high temperatures.  Hence, ICIPs with a discrete absorber 
architecture should, in principle, perform better than conventional LWIR photodetectors 
at high temperatures. Furthermore, high-speed operation is feasible without 
compromising the device sensitivity, in contrast to the conventional single-absorber 
architecture [14,15,83]. In the MWIR region, operation of ICIPs has been demonstrated 
at temperatures up to 400 K [62].  Also, ICIPs were demonstrated at temperatures up to 
340 K at a cutoff wavelength near 8 µm [65]. In the LWIR region, initial ICIPs, 
although far from optimized, were able to operate up to 220 K with reasonable 
performance [64]. These preliminary results suggested that further investigation may 
lead to improved device performance of LWIR ICIPs.  
In this chapter, a comparison study is conducted to investigate the electrical and 
optical properties of four sets of device structures with a different number of cascade 
stages, absorber thickness, and the strength of electron barriers. An improved device 
performance of ICIPs is demonstrated where the D* exceeds that of commercial 
uncooled and thermoelectrically cooled MCT detectors. 
 Device design and growth 
Four sets of LWIR ICIP structures (11 in total) were designed, grown, and 
fabricated into devices for study. These ICIP structures were grown by molecular beam 
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epitaxy (MBE) on nominally undoped p-type GaSb substrates with similar InAs/GaSb 
absorbers and cutoff wavelengths that were targeted for the LWIR region (8-12 µm) at 
room temperature. Similar to previous ICIPs [14,15], the electron and hole barriers are 
composed of digitally graded multiple GaSb/AlSb and InAs/AlSb quantum wells 
(QWs), respectively. The two illumination configurations for ICIP structures are shown 
in Fig. 2.6, where light is incident on the top surface [65]. In the regular (reg.) and 
reverse (rev.) illumination configurations, the electron barrier and hole barriers are 
closer to the top surface, respectively. Individual absorber thicknesses in the different 
stages are varied to achieve photocurrent matching between the cascade stages, as 
shown in Fig. 5.1. The T2SL period for the absorber and the unipolar barrier layer 
structures, in all of the wafers, are the same or similar, with some adjustments based on 
variations of the growth conditions and device characterization, as described below. 
Set #1 consists of two wafers (S#1-8-reg. and S#1-8-rev.) with the same eight-
stage ICIP structure, but opposite illumination configurations. This set was grown 
earlier (Oct. 2014) using an Intevac Gen II MBE chamber, with p-type doping of 
2.5×1016 cm-3 in the absorber, and a total absorber thickness of 1391 nm. The other 
three sets were grown later (May-July 2016) using a Veeco GENxplor MBE chamber 
with the reverse illumination configuration and with p-type doping of 2.6×1016 cm-3 in 
the absorber. Set #2 includes two wafers, one is a single stage structure (S#2-1) and the 
other is a four-stage ICIP structure (S#2-4). The absorber thickness of S#2-1 is 
1386 nm, equal to the total absorber thickness of S#2-4 and very close to the total 
absorber thickness of S#1-8-reg./rev. The period of the InAs/GaSb T2SL absorber was 
designed to be 61 and 60 Å with one InSb-like interface between the GaSb and InAs SL 
89 
 
layers for wafers in set #1 and set #2, respectively. Their hole and electron barriers are 
approximately the same with seven InAs/Al(In)Sb QWs and three GaSb/AlSb QWs. Set 
#3 consists of four wafers, which are single stage (S#3-1), four-stage (S#3-4), six-stage 
(S#3-6), and eight-stage (S#3-8) ICIP structures with the same SL period (60 Å), and 
the same electron and hole barriers. However, the compositions of the SL period for the 
wafers in set #3 were slightly adjusted, with two InSb-like interfaces [70] inserted in the 
SL period. In Set #3, two wafers (S#3-6 and S#3-8) have the same total absorber 
thickness (2292 nm).  Set #4 consists of three wafers, which are four-stage (S#4-4), six-
stage (S#4-6) and eight-stage (S#4-8) ICIPs with the same T2SL absorber and hole 
barrier as S#3-6 and S#3-8. In set #4, the electron barrier was enhanced with an 
additional 73-Å-wide GaSb QW. A summary of designed structural parameters is 
provided in Table 5.1. 
After MBE growth, the wafers were examined using high resolution x-ray 
diffraction and optical microscopy to evaluate their structural quality and defect density. 
Their structural qualities are comparable. Wafers in sets #1 and #2, with one InSb 
interface in the SL period, have tensile strains; while wafers in sets #3 and #4 with two 
InSb interfaces [70] in the SL period, have small compressive strains, as summarized in 
Table 5.1 and determined from the x-ray diffraction scans for wafers S#2-1 and S#3-6 
in Fig. 5.2. However, the surface defect density was ~2×105 cm-2 for most areas in 
wafer S#1-8-reg., which is significantly higher than the typical value of 1-2×104 cm-2 
observed for all other wafers. All of the wafers were processed into devices followed 










Figure 5.2: High resolution (004) x-ray diffraction scans for representative wafers 
S#2-1 and S#3-6. 
 
 
Table 5.1: Summary of design and material parameters for each wafer. 
 
Wafer # of 
stages 
GaSb/InAs 


























q=0 q=2 q=1 
S#1-8-
reg. 
8 21.7/35 4.3 3 -0.100% 12.8 124 31 51 65 
S#1-8-
rev. 
8 21.7/35 4.3 3 -0.390% 10.7 144 27 99 118 
S#2-1 1 22.3/33.9 3.8 3 -0.205% 10.2 150 53 73 89 
S#2-4 4 22.3/33.9 3.8 3 -0.290% 9.8 154 62 97 113 
S#3-1 1 24.7/31 2.1+2.2 3 0.111% 9.1 164 45 132 148 
S#3-4 4 24.7/31 2.1+2.2 3 0.128% 9.3 162 42 124 140 
S#3-6 6 25.2/31 1.9+1.9 3 0.037% 9.0 167 39 139 156 
S#3-8 8 25.2/31 1.9+1.9 3 0.043% 8.8 171 40 149 166 
S#4-4 4 25.2/31 1.9+1.9 4 0.104% 8.8 170 41 154 170 
S#4-6 6 25.2/31 1.9+1.9 4 0.086% 8.8 171 44 157 173 
S#4-8 8 25.2/31 1.9+1.9 4 0.092% 8.7 174 45 157 173 
 



































 Device characterization and analysis 
Electrical and optical properties of devices from each wafer were obtained and 
analyzed through measurements of current density-voltage characteristics and photo-
response spectra. Table 5.1 summarizes some of the material properties such as: cutoff 
wavelength c, bandgap Eg, and activation energy Ea, extracted from the measurements. 
The cutoff wavelengths of devices from all wafers were in the LWIR region at high 
temperatures (T200 K), with c of 11-12 µm at 200 K for devices in set #1, about 
10 µm at 200 K for devices in set #2, and near 9 µm at 200 K for devices in set #3 and 
#4. Their detailed properties are described and discussed below. 
5.3.1 Electrical properties 
The characteristics of dark current density (Jd) vs. bias voltage (V) from low to 
high temperatures (78-250 K) are shown in Fig. 5.3 for representative devices from all 
sets. For each set, the detectors with more stages had lower dark current densities, 
which is consistent with the theoretical projections for thin absorbers and multiple 
stages [83]. For example, taking the lowest among the devices with the same cascade 
stages, the dark current density at 78 K and reverse bias of 50 mV for the one-stage, 
four-, six- and eight-stage devices was 9.1×10-4, 3.1×10-5, 4.2×10-5 and 2.8×10-5 A/cm2, 
respectively. Because the 90% cutoff wavelengths for these devices were 7.4-8.3 µm at 
78 K, the corresponding dark current densities in MCT are 2.2×10-9-5.0 ×10-8 A/cm2, in 
accordance with “Rule 07” [172]. The much higher dark current density in ICIPs is 
attributed to the generation-recombination dominated mechanism in narrow bandgap 
T2SL materials at low temperatures [173]. For the two eight-stage devices in set #1, the 
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device from S#1-8-rev. had a lower dark current density mainly due to the shorter cutoff 
wavelength (larger bandgap) than that from S#1-8-reg. For the devices with same 
cascade stages, although the cutoff wavelengths are longer for set #2 compared to set 
#3, the device from S#2-1 had a lower dark current density than the device from S#3-1, 
and the device from S#2-4 had the lowest dark current density among the three four-
stage devices from different sets. This contradicts projections based on their bandgaps, 
and it may be related to only one InSb interface in T2SL period in set #2 instead of two 
interfaces in sets #3 and #4. Note that in set #2, the single InSb interface is thicker than 
the individual InSb interfaces that are included twice per period in sets #3 and #4 (this is 
similar to what was discussed in Ref [70]). Comparing devices with same cascade 
stages, the detectors in set #4 have lower dark current densities than those in set #3. 
This was attributed to the enhanced electron barrier in set #4, which further suppresses 
possible intraband tunneling between stages [15]. While it was sufficient to block the 
intraband tunneling for MWIR ICIPs [15,96] with three QWs in the electron barrier, 
this might not be enough QWs for LWIR ICIPs, where the minority carrier 
concentrations are much higher and the electron effective mass is smaller. Hence, the 
probability of substantial intraband tunneling through an electron barrier with three 
QWs could be increased for LWIR ICIPs and, consequently, an enhanced electron 
barrier is required to strengthen the suppression of intraband tunneling current. This is 
supported by the analysis of the negative conductance for these devices, which will be 




Figure 5.3: Dark current densities vs. bias voltage from 78 to 250 K for 
representative devices from all sets. In (a-d), dotted, solid and dashed lines 
represent devices from set #2, 3 and 4, respectively, while the devices from set #1 
are shown in (e). Positive voltage denotes reverse bias (most devices had reverse 
configuration), while voltage polarity of S#1-8-reg. is reversed for a clear 
comparison. 
 
From the measured Jd-V curves, the inverse product of zero-bias resistance and 
device area (R0A)
-1 (i.e., conductivity) for devices with different sizes was obtained. The 
size dependences of (R0A)
-1 are plotted for these devices (at 200 K) as a function of the 
perimeter (P) to area (A) ratio in Fig. 5.4. As can be seen, the value of (R0A)
-1 from all 
sets exhibited size dependence, indicating imperfect passivation on side walls of devices 
and/or possibly non-uniform distributions of defects for these wafers. Devices from 
wafer S#1-8-rev. exhibit a strong size dependence of (R0A)
-1, which is correlated to the 
large bulk resistance associated with the eight discrete thinnest absorbers. The large 
bulk resistance requires good sidewall passivation, otherwise significant leakage 
currents can flow on the side walls. In contrast, although fabricated at the same time, 
because of the substantially higher defect density and the longer cutoff wavelength, the 
devices from S#1-8-reg. have a lower bulk resistance and (R0A)
-1 has a relatively weak 
size dependence. As expected, (R0A)
-1 for the one-stage devices was the highest among 





















































































all detectors, and its size dependence was also significant. There are large variations for 
devices from S#2-1, suggesting structural non-uniformity. From Fig. 5.4(b), for 
multiple stage ICIPs, there is a reduction in (R0A)
-1 with an increase in the number of 
the cascade stages for devices in sets #2, #3, and #4. For ICIPs in sets #3 and #4, the 
comparisons are more meaningful because of the nominally identical absorber 
structures with very similar cutoff wavelengths. In addition to a further reduction in 
(R0A)
-1 with the enhanced electron barrier in set #4, the conductivity for these ICIPs 
showed relatively weak device-size dependence. This may be due to variations in 
passivation on uneven wet-etched side walls when wafers were fabricated into devices 
at different times. This weak dependence may also be associated with the enhanced 
electron barrier which can suppress the leakage current through surface states. This idea 
merits further investigation with additional structures. The passivation for etched 
surfaces of InAs/GaSb T2SL infrared detectors has been a long-standing issue [174]. 
This issue will be considerably alleviated by anisotropic dry-etching techniques that can 





Figure 5.4: (R0A)-1 vs. P/A for (a) eight-stage devices in set #1 and one-stage devices 
in sets #2 and #3, (b) four-, six- and eight-stage devices in sets #2, #3 and #4 at 
200 K. 
 
To identify the dominant carrier transport mechanisms, R0A was measured over 
a wide range of temperature (T) for representative devices and fit according to the 
modified Arrhenius Equation 1.13. From the Arrhenius plot, it is clear that there are 
separate low- and high-temperature regions with good linear fits. This means there are 
two separate activation energies, one for the low-T range of 78-125 K and the other for 
the high-T range of 150-250 K. The extracted values of Ea are shown in Table 5.1, 
where q=0 is used for the low-T range and q=1 and 2 are used for the high-T range.   
As can be seen from Fig. 5.4, devices made from all wafers had surface leakage 
current to some degree. To evaluate the effect of the leakage current, for each wafer, the 
activation energy was extracted from many devices with different sizes. The variations 
from device to device were within 15-25% for the extracted Ea with q=2. For example, 












































































































































































at temperatures above 150 K, the range of activation energies for devices from wafers 
S#3-1, 4 and 6 was 117-147 meV, and from wafer S#3-8 and wafers in set #4 was 127-
159 meV.  While the activation energies of smaller (≤100×100 µm2) devices tended to 
be lower compared to those of larger ones, the Ea values were irregular for larger 
(≥200×200 µm2) devices.  As shown in Table 5.1, the activation energy for the 
representative device (200×200 µm2 size) from each wafer was among the highest 
compared to other device sizes that should be less sensitive to surface leakage current.  
At low temperatures, the activation energies of the devices from S#2-1 and S#2-
4 were close to half of the zero-temperature bandgap, implying a generation-
recombination (GR) limited transport through defect states (bulk defects and/or surface 
states). The activation energies of the devices from wafers in sets #1, #3 and #4 were far 
below their bandgaps, suggesting a transport mechanism similarly dominated by trap-
assisted tunneling [175]. At high temperatures, devices from the wafers in sets #3 and 
#4 exhibited diffusion limited behavior with activation energies nearly equal to the 
zero-temperature bandgap, as shown in Fig. 5.5. For devices in sets #1 and #2 at high 
temperatures, the activation energies of S#1-8-reg. and S#2-1 were close to one-half of 
the bandgap, while it was between one-half and one bandgap for S#1-8-rev. and S#2-4. 
As can be seen from Table 5.1, wafers from sets #1 and #2 showed relatively large 
tensile strain while wafers from sets #3 and #4 had small compressive strain with two 
InSb interfaces included in the absorber SL period. These differences may be related to 
the more diffusion-limited transport observed at high temperatures for devices from 




Figure 5.5: Arrhenius plot of R0A for devices from wafers in (a) set #3 and 
(b) set #4. 
 
5.3.2 Negative differential conductance 
During measurements of the dark current characteristics of these devices, 
sawtooth features were observed in the reverse bias region of the Jd-V curve at high 
temperatures. By differentiating the Jd-V curve, negative differential conductance 
(NDC) peaks are clearly observed where the number of peaks equaled the number of 
stages of the ICIPs, as shown in Fig. 5.6, for devices with differing numbers of cascade 
stages from the four sets. The sawtooth features and NDCs were not observed at low 
temperatures but appeared only when the temperature was raised to a certain level, and 
intensified with a further increase in temperature. This is different from NDCs that were 
observed from early MWIR ICIPs only at low temperatures and under significantly 
higher reverse bias voltages [15]. This phenomenon is also different from NDC features 
observed in AlGaAs/AlxGa1-xAs SLs [176] and InAs/(GaIn)Sb T2SL diodes [177] 
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 S#3-8   149 meV   40 meV
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associated with resonant tunneling of majority carriers in QWs and Wannier-Stark 
states in the depletion region of the T2SL diode. Again, for both SL samples, NDCs 
were reported only at low temperatures [96,173]. The distinct temperature dependence 
of NDCs and the correlation with the number of cascade stages observed in this study 
suggests that the intraband tunneling of minority carriers (i.e. electrons) through the 
electron barriers was mainly responsible for the observed phenomena. This is because 
the minority carrier concentration increased exponentially with temperature such that 
the intraband tunneling current through the electron barrier is significantly strengthened 
at high temperatures with reduced electron effective mass. For wafers in sets #1, #2 and 
#3, the electron barrier is composed of three digitally graded GaSb/AlSb QWs with well 
thicknesses of 33, 43, and 53 Ȧ, respectively. Under an appropriate reverse bias, the 
energy levels in the QWs of the electron barrier could be aligned and matched to the 
conduction miniband of the absorber in one stage, resulting in a resonant tunneling 
through these energy levels with a peak in dark current. Consequently, an NDC is 
generated when the bias is off the resonant condition. Hence, with NC cascade stages, 
there could be NC peaks in the dark current and corresponding NDCs. The magnitude of 
the resonant peak current and NDC would depend on the strength of the electron 
barrier. To further test this idea, ICIP structures in set #4 were designed and grown with 
an extra QW added in the electron barrier to reduce the intraband tunneling. As can be 
seen from Fig. 5.6, both dark current density and NDCs are substantially reduced for 




Figure 5.6: Differential conductance/area (G/A) and dark current density vs. 
voltage bias for devices in (a) set #1, (b) set #2 and (c) sets #3 and #4. In (b), the left 
vertical axis for G/A is a logarithmic scale that does not extend to negative values. 
The fourth dark current peak and the related NDC for the device from S#2-4 at 
300 K appeared at a voltage beyond 2 V. 
 
For the two eight-stage detectors in set #1, more dark current peaks with 
associated NDCs appeared with further increases in reverse bias voltage as shown in 
Fig. 5.6(a). Under large reverse bias voltages, the higher energy levels in the QWs of 
the electron barriers could be involved in resonant tunneling and the number of NDCs 
in the large reverse bias region did not always equal the number of cascade stages. 
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However, these NDCs associated with the higher energy levels were not found from 
devices in sets #2, #3 and #4 with large bias voltage (up to 5 V to avoid damage), which 
might be due to the larger bandgap in these sets compared to set #1.  
For devices in sets #3 and #4, NDCs started to appear at 280 K. For devices in 
set #2, NDCs appeared from 200 K possibly due to the narrower bandgap in set #2 
compared to sets #3 and #4. There may be other causes for the appearance of NDCs at 
this relatively low temperature in set #2.  This shall be the subject of further research. 
Also, NDCs at 200 K appeared at a low reverse bias voltage and the required bias 
voltage for NDCs increased at higher temperatures as shown in Fig. 5.6(b). This was 
probably due to the increase of voltage drop percentage on the series resistance and the 
increase of tunneling current at high temperatures. It should be mentioned that the NDC 
was not observed in our MWIR ICIPs (with very similar electron barriers) in a wide 
range of temperature (up to 400 K). The absence of NDC in MWIR ICIPs is probably 
due to their lower minority carrier concentration and the larger band gap for the MWIR 
region.  
5.3.3 Optical properties and device performance 
The photo-response spectra of devices at various temperatures were measured 
using an FTIR spectrometer and calibrated with a blackbody source (aperture diameter 
of 1.52 cm) at 600 K with a 2𝜋 field of view (FOV). Figure 5.7 shows the cutoff 
wavelength and estimated bandgap as a function of temperature for a device from wafer 
S#4-4. The 90% cutoff wavelength was determined by the wavelength at which the 
responsivity fell to 10% of its maximum value. For this device, the 90% cutoff 
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wavelength is 7.6 µm at 78 K, extending to 10.7 µm at 300 K. The bandgap narrowing 
of semiconductors with increasing temperature is related to the increased lattice 
constant (thermal expansion) and electron-lattice interaction that shifts the relative 
positions of the conduction and valence bands. The temperature-dependence of the 
bandgap is estimated using the Varshni formula [26] with Eq. 1.15. The fitting curve 
with Varshini parameters for the detector from wafer S#4-4 is shown in Fig. 5.7. 
Similarly, the zero-temperature bandgaps and cutoff wavelengths for devices from other 
wafers were obtained, representative values of which are given in Table 5.1. It can be 
seen that wafers in sets #3 and #4 had very similar zero-temperature bandgaps, while 
Eg (T=0) is smaller for wafers in sets #1 and #2. 
 
Figure 5.7: Temperature dependent cutoff wavelength and estimated bandgap for 
a device from wafer S#4-4. The fitting Varshni parameters for the device are 
shown. 
 
Responsivity curves are shown in Fig. 5.8 for the detectors from S#1-8-reg. and 
S#1-8-rev. in set #1, with a 90% cutoff wavelength of 10.4 and 8.9 µm at 78 K, 
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respectively. The responsivities at 78 K and 8 µm for devices from S#1-8-reg. and S#1-
8-rev. were 0.075 and 0.114 A/W, respectively. The relatively low responsivities for the 
two eight-stage detectors were mainly due to the thin absorbers (153-195 nm, as shown 
in Fig. 5.1). Both detectors operated at temperatures up to 250 K, and their 
responsivities were insensitive to the bias voltage at low temperatures. However, the 
responsivity of the device from S#1-8-reg. depended substantially on bias voltage at 
temperatures above 125 K, while the responsivity of the device from S#1-8-rev. was 
bias independent up to 200 K. The difference is probably caused by variations of the 
material quality with a higher defect density and a longer cutoff wavelength in S#1-8-
reg. On the other hand, the opposite illumination configurations for the two wafers in 
set #1 also contributes to the differences in performance. With the regular illumination 
configuration, the propagation of incident light is along the same direction as the 
transport of minority carriers and consequently most of the photo-generated electrons 
are relatively far from the collection point, resulting in an increased possibility of 
recombination for these electrons at elevated temperatures. Thus, a reverse bias may be 
required with the regular illumination configuration to facilitate the collection of photo-
generated carriers at high temperatures with short carrier lifetimes at long wavelengths 
(especially when the material quality is not optimal). For the reverse illumination 
configuration, the propagation of incident light is in the opposite direction of the 
transport of minority carriers, making most of the photo-generated electrons close to the 
collection point, and resulting in more efficient collection of the photo-generated 
electrons without a bias voltage. Therefore, for detectors with p-type absorbers, the 




Figure 5.8: (a) Zero-bias responsivity and (b) D* for the detectors from wafers S#1-
8-reg. and S#1-8-rev. in set #1 under 25 C background with a 2𝜋 FOV. The inset 
shows the bias dependence of responsivity for a detector from S#1-8-reg.  
 
To evaluate the overall device performance, the normalized detectivity, D*, is 
estimated according to Eq. 2.1. The Johnson-noise limited D* is shown in Fig. 5.8(b) for 
devices (at zero-bias) from set #1. The D* is significantly lower in the device from S#1-
reg. than in the device from S#1-rev. For example, the D* for a wavelength () of 7 µm 
at 78 K was 8.7×109 and 2.2×1010 cmˑHz1/2/W for the device from S#1-8-reg. and S#1-
8-rev, respectively. The difference in D* between these devices increased at high 
temperatures under zero-bias voltage, which was probably due to the bias-dependent 
responsivity in S#1-reg. at elevated temperatures. The D* values for a wavelength of 
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The responsivity of the detectors from S#2-1 and S#2-4 in set #2 is shown in 
Fig. 5.9, where the observed 90% cutoff wavelength varies from 8.3 µm at 78 K to 
10.2 µm at 200 K. The responsivities at 78 K and 7 µm for devices from S#2-1 and S#2-
4 were 0.89 and 0.22 A/W, respectively, which scales approximately with their 
individual absorber thicknesses, indicating efficient collection of photo-generated 
carriers at this low temperature. The detector from S#2-1 operated at temperatures up to 
250 K, while that from wafer S#2-4 operated at up to 280 K. At low temperatures, their 
responsivities first increased slightly with reverse bias voltage and then dropped with 
further increase in the reverse bias voltage. Similar responsivity dependences on bias 
voltage were observed by other groups in T2SL and MCT photodetectors, for which 
trap-assisted tunneling is thought to be possibly responsible [60,157]. Nevertheless, at 
high temperatures (e.g., 200 K and above), the responsivity decreased substantially at 
zero bias, especially in one-stage devices (S#2-1) with a thick absorber, possibly due to 
a reduction of the diffusion length at high temperatures. Also, the response spectrum of 
the one-stage device is noisy at 250 K compared to that of the four-stage device at the 
same temperature. The temperature dependence of zero-bias responsivity at 7 µm is 
shown in Fig. 5.10(a) for devices from wafer sets #2, #3, and #4, where the responsivity 
of the one-stage detectors was scaled down by a factor of 4 for better comparison 
(responsivity is proportional to the thickness of individual absorbers). As can be seen 
from Fig. 5.8(a) and Fig. 5.9(b), the zero-bias responsivity at 7 µm at low-T (e.g., 78-
125 K) is approximately proportional to the individual absorber thickness. Based on 
this, the extracted absorption coefficient ranged from 1000 to 1900 cm-1 depending on 
the cutoff wavelength for devices from all wafers. At 200 K, because of the narrowing 
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of the bandgap with increasing temperature, the extracted absorption coefficient at 7 µm 
increased to 1800-2200 cm-1 based on the zero-bias responsivity or the maximum 
responsivity at a bias voltage (for devices in set #2 and the one-stage device in set #3). 
The extracted values for the absorption coefficient are in good agreement with early 
reported experimental measurements and theoretical calculations for T2SLs in the 
LWIR region [135,178], implying efficient collection of photo-generated carriers in all 
devices at 78 K, and even at high temperatures for the multi-stage ICIPs from sets #3 
and #4, as will be discussed in more detail below.  
Detectors from both wafers in set #2 had a D* value larger than 1011 cmˑHz1/2/W 
at 78 K. For example, as shown in Fig. 5.10(b), the D* was 1.0×1011 and 
1.3×1011 cmˑHz1/2/W at 7 µm for devices from wafer S#2-1 and S#2-4, respectively. At 
200 K, the D* at 7 µm for the detector from wafer S#2-1 was 4.3×108 cmˑHz1/2/W 
(1.2×109 cmˑHz1/2/W under 150 mV), and was 9.0×108 cmˑHz1/2/W 
(1.4×109 cmˑHz1/2/W under 150 mV) for detectors from S#2-4. This demonstrates the 
advantages of multi-stage ICIPs over the conventional one-stage detector at both low 
and high temperatures, even with equal total absorber thickness. With more cascade 
stages to increase the optical absorption and further suppress the noise, more significant 
benefits are expected using ICIPs. Compared to PV MCT detectors from Vigo 
System [1,2] at 8 µm (D* is 4-5×108 cmˑHz1/2/W at 195 K), the D* for the ICIPs in set 
#2 is larger (1.0×109 cmˑHz1/2/W under a smaller bias). Table 5.2 shows D* for ICIPs 
from the other wafers. At 200 K, there are some differences in D* at 7 µm and 8 µm for 
detectors made from sets #3 and #4, as can be seen from Fig. 5.10(b) and Table 5.2. 




Figure 5.9: (a) Responsivity vs. wavelength at different temperatures and (b) Bias 
dependent responsivity for the detectors from S#2-1 and S#2-4 in set #2. 
 
Table 5.2: Performance at a wavelength of 8 µm for ICIPs (background 
temperature=25 C, FOV=2𝜋) and MCT detectors at 200 and 300 K. 
 




3.7×108 7.5×108 8.2×108 7.8×108 1.0×109 8.8×108 7.4×108 1.1×109 7.7×108 ≥4.0×108 
R(A/W) 0.21 0.14 0.70 0.19 0.17 0.11 0.14 0.14 0.09 ≥1.5 
R0A (Ωˑcm
2) 0.035 0.304 0.015 0.176 0.383 0.687 0.304 0.628 0.846 ≥0.0006 
200 K 
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Figure 5.10: (a) Zero-bias responsivity and (b) zero-bias D* at 7 µm vs. 
temperature for all the detectors from sets #2, #3 and #4, where the responsivity 
for the one-stage detectors was divided by a factor of 4 for better comparison. 
 
The photo-response spectra for the detectors in sets #3 and #4 are shown in 
Fig. 5.12. The 90% cutoff wavelength at 78 K for the detectors in set #3 was about 7.4-
7.9 µm, which is shorter than that (8.5 µm) in set #2. Room temperature operation was 
achieved for the multi-stage ICIPs in these two sets, with a 90% cutoff wavelength 
around 10.4-10.7 µm at 300 K. Responsivities for detectors from S#3-4 (S#4-4) and 













































S#3-6 (S#4-6) were nearly equal (e.g. 0.22-0.23 A/W at 200 K at 7 µm), indicating an 
effective implementation of photocurrent matching between different stages in these 
four- and six-stage detectors. Comparing the responsivities of devices with the same 
cascade stage number, the devices with the enhanced electron barrier from set #4 had 
only slightly lower responsivities (~7%) than the devices in set #3 at medium 
temperatures (150-250 K), while the dark current was reduced (~20%) more 
considerably, as shown in Fig. 5.3. Thus, the lower signal is compensated by the more 
significantly reduced noise, and the signal-to-noise ratio (D*) is higher for devices with 
the enhanced electron barrier in set #4, as can be seen from Fig. 5.10. At 300 K, the D* 
was higher than 1.0×108 cmˑHz1/2/W at wavelengths near 7-8 µm, as shown in 
Figs. 5.10 and 5.13. From Table 5.2, D* for both six- and eight-stage ICIPs from sets #3 
and #4 exceeds the reported value for uncooled commercial MCT detectors [1,2]. 
Intense oscillations were observed in the response spectrum as illustrated in 
Fig. 5.11. They were caused by reflections in the Fabry-Perot cavity formed from the 
top surface to the interface between the substrate and the heat sink. This is verified by 
the small separation (~5.8 cm-1) of adjacent peaks from the oscillation pattern in the 
inset to Fig. 5.11. The cavity length L is estimated at about 230 µm based on the 
equation Δ=1/(2nL) with an average refractive index n3.7, which is consistent to the 
thickness of a typically lapped substrate. The oscillations could be avoided or reduced 
by intentionally tilting the substrate at a small angle (~1-2º) during the lapping process 
[128]. Due to these internal reflections in such a cavity, gain in responsivity (or 
quantum efficiency) might be possible in these detectors [178]. Further investigations, 




Figure 5.11: Responsivity vs. wavenumber at 78 K for a detector from S#1-4, 
where details of the oscillations due to the reflections in a Fabry-Perot cavity are 
shown in the inset. 
 
As can be seen in Fig. 5.10(a), the zero-bias responsivity for the one-stage 
detector from S#3-1 increased with temperature up to 200 K, while the four- and six-
stage ICIPs from S#3-4 and S#4-4 increased up to 250 K. These increases suggest the 
reduction of diffusion length with increasing temperature and clearly demonstrate the 
advantage of multiple-stage ICIPs over one-stage detectors for higher temperature 
operation. This advantage can also be seen from their response spectra at high 
temperatures. For example, the response spectrum of the one-stage device from S#3-1 
was relatively noisy at 250 K, while the response spectra from multiple-stage ICIPs 
were still fairly clean. Additionally, as shown in insets to Fig. 5.12(a) for devices from 
S#3-1 and S#3-4, the conventional one-stage detector was more sensitive to bias voltage 
at high temperatures, while ICIPs were bias independent for the four- and six-stage 
devices up to 250 K. This indicates an effective collection of photo-generated carriers 
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for ICIPs under zero-bias for a wide range of temperatures. In contrast, the one-stage 
detector with a thick absorber required a particular bias voltage to facilitate the 
collection of photo-generated carriers because the diffusion length was shorter than the 
absorber thickness. Furthermore, the responsivities of eight-stage detectors from S#3-8 
and S#4-8 increased with temperature up to 280 K and again they are bias independent, 
which is related to the still shorter absorber thickness in each stage compared to that in 
four- and six-stage detectors. This is because eight-stage ICIPs with relatively short 
absorbers can afford more reduction of diffusion length with increased temperature. 
Because the total absorber thickness for the six- and eight-stage devices is equal, 
comparing their device performance is instructive. In terms of D* at wavelengths near 7-
8 µm (see Table 5.2 and Figs. 5.10(b) and 5.13), the six-stage device is slightly better at 
200 K, while the eight-stage device is better at 300 K. This can also be seen from the 
response spectra, which are substantially less noisy for the eight-stage devices at 300 K, 
especially with the enhanced electron barrier. Considering that the total absorber 
thickness for the eight-stage device is less than 2.3 µm, there is still room to add more 
stages to further suppress noise so as to enhance high-T device performance. These 
results clearly demonstrate the benefits of using multiple-stage ICIPs for high 
temperature operation in the long wavelength infrared region. 




Figure 5.12: (a) Zero-bias responsivity for detectors from wafers S#3-1, S#3-4, S#3-
6 and S#3-8 in set #3 and (b) detectors from wafers S#4-4, S#4-6 and S#4-8 in set 
#4. Insets: responsivity at 7 µm vs. bias voltage for detectors from wafers S#3-1 
and S#3-4.  
 
 
Figure 5.13: Zero-bias D* vs. wavelength at different temperatures for the 
















































































































































































































5.3.4 High temperature (>300 K) operation 
While the one-stage detectors are incapable of operating at temperatures higher 
than 250 K, the four-stage ICIPs from sets #3 and #4 and the six-stage ICIPs from S#3-
6 could operate up to 320 K, and the six-stage ICIPs from wafer S#4-6 and the eight-
stage ICIPs from both sets #3 and #4 could operate up to 340 K. Their responsivities at 
these high temperatures are shown in Fig. 5.14. At high temperatures, because the 
device resistance is relatively low (e.g., <30 Ω), the series resistance (5-7 Ω) from 
contact and external wire connections could have a significant influence on the accuracy 
of extracted intrinsic photocurrent. Hence, there may be some uncertainties in their 
responsivities at high temperatures. Nevertheless, the obtained relative photo-response 
spectra reflect how well these ICIPs can perform at temperatures above 300 K. Since 
Johnson noise is the dominant noise source at high temperature when detectors operate 
under zero-bias, it is critical to reduce this noise in order to achieve high temperature 
operation. As can be seen from Figs. 5.12 and 5.14, the photo-response spectra of ICIPs 
with eight stages were less noisy, especially with the enhanced electron barrier from set 
#4, compared to other devices with fewer cascade stages and without the enhanced 
electron barrier. Again this validates the importance of the multi-stage ICIP architecture 




Figure 5.14: Zero-bias responsivity for detectors from sets #3 and #4 at 320 and 
340 K. 
 
 Concluding remarks 
LWIR ICIPs are demonstrated to be capable of operating at high temperatures 
up to 340 K. The advantages of the multi-stage ICIPs, with their discrete absorber 
architecture, have been clearly demonstrated over the conventional one-stage device by 
reduced dark current density (i.e., the suppression of noise), higher detectivity (D*) and 
higher operating temperature in the LWIR region. Although not yet optimized, the 
ICIPs could operate at 300 K with a D* higher than 1.0×108 cmˑHz1/2/W, which exceeds 
the reported value for commercial uncooled MCT detectors [1,2]. suggesting great 
potential for real applications such as laser spectroscopy and free-space communication 
in combination with room temperature long-wavelength quantum cascade (QC) lasers. 
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Additionally, negative differential conductances were observed in these detectors at 
high temperatures and identified as being related to intraband tunneling through the 
electron barrier. The observed features related to NDCs can be used as a 
characterization tool in the future to further improve understanding and device 
optimization of ICIPs. For example, the electron barrier will need to be enhanced 
further so that NDCs can be minimized or even eliminated for high temperature 
operation. Considering the complexity of ICIPs and the preliminary phase of their 
development, there are many parameters and options in the structure and material 
growth that need to be investigated and optimized, which will be challenging and time 
intensive. On the other hand, these parameters and options also provide remarkable 
room for significant improvements in device performance. Therefore, it is expected that 
the continuing development of ICIPs will lead to real products for many applications in 
addition to the generation of cutting-edge knowledge in quantum engineered 
semiconductor structures and devices. Considering the increased availability and 
popularity of room temperature QC lasers, the number of applications and the demand 




 Non-current-matched long wavelength interband cascade 
infrared photodetectors 
 Background and motivation 
   ICIPs have been investigated by several groups for their advantages of high-
operating-temperature (HOT) and high-speed operation with low dark current densities, 
especially for high HOT detectors in the LWIR region. As discussed in chapter 5, ICIPs 
had been demonstrated to be capable of operate above room temperature in LWIR band. 
Even showing a promising potential for high performance of the LWIR ICIPs (with 
D*≥1.0×108 cmˑHz1/2/W at 300K), there’s still plenty of room of improvement before 
touching the limit.  
In contrast to an IC laser where each injected electron generates multiple 
photons, the process is reversed in an ICIP. Each additional electron in the external 
circuit requires absorption of multiple photons for detector operation. In other words, 
the maximum responsivity (and external quantum efficiency,max) in an ICIP is reduced 
by the thin individual absorbers and multi-stage architecture. However, the suppression 
of noise compensates for the reduced responsivity. This has been discussed in previous 
theories from the perspective of shot noise gain [14] and at a fundamental level [83], as 
well as from equivalent circuit consideration of Johnson noise [99]. Hence, the signal to 
noise ratio (i.e. detectivity D*) in ICIPs is not reduced, but instead proportional to the 
square root of the number of cascade stages (NC) for a first-order approximation 
[14,99]; and thus enhanced compared to the conventional single-absorber detector [83]. 
Another aspect that should be made clear is that the maximum responsivity (and 
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maximum external quantum efficiency max, equal to 1/NC) is not necessarily the actual 
responsivity (and ) of an ICIP. In this early phase of development, because the total 
absorber thickness is not long enough to absorb all the incident photons, an ICIP is 
usually designed and operated with a responsivity (and ) below the maximum value 
and its responsivity is determined by individual absorber thicknesses, instead of NC.  
For current-matched ICIPs [83] where the number of photo-generated carriers is equal 
in every stage, ideally, the photo-current (and responsivity) is a constant that can be 
determined by the absorber thickness in the first stage, and is independent of NC.  For a 
thicker absorber, the responsivity is higher. For non-current-matched ICIPs with 
identical absorbers in every cascade stage, theoretically, the responsivity is not only 
determined by the absorber thickness in the first stage, but also by the travel distance of 
incident light, which is related to NC because of light intensity attenuation during 
propagation. Consequently, one should expect that the responsivity in the non-current-
matched ICIP with identical absorbers is reduced compared to that in the current-
matched ICIP with a first absorber that is equal thickness. This has been partially shown 
in a non-current matched MWIR ICIP mentioned in chapter 3. However, only a single 
device is not as convincing apart from its material issue, so more experimental work is 
required to verify this.  
 Compared to conventional detector structures with a single absorber, ICIPs are 
more flexible, with multiple degrees of freedom for the optimization of device 
performance. However, this flexibility certainly adds more complexity and requires 
better understanding of many factors and their interplay in order to optimize device 
performance. For example, there are tradeoffs depending on whether photocurrent in 
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ICIPs is designed to be matched between stages. In the current-matched ICIPs 
[64,65,88-90], the absorbers in optically deeper stages are made thicker to achieve an 
equal photocurrent among all stages with maximized utilization of absorbed photons for 
optimal responsivity. This requires knowing material absorption coefficients with good 
accuracy, which may vary with temperature, and increases difficulties in 
implementation at different operating temperatures. By comparison, individual 
absorbers are designed to be identical with equal thickness in a non-current-matched 
ICIP [14,15,62,63,86,87]. They are simpler to implement, but have the possible 
drawback of a substantial reduction in responsivity due to light attenuation, especially 
with relatively thick absorbers [14,83]. 
Although current-matched and non-current-matched ICIPs have been explored 
independently, they have not been investigated together in the same framework until 
this work. To identify and understand their specific features and differences in device 
performance, a comparative study of the electrical and optical properties of a group of 
ICIPs with both absorber designs was presented. Electrical gains significantly 
exceeding unity were observed from non-current-matched ICIPs. This high gain was 
also observed in our MWIR ICIPs with non-current matching structure, as discussed in 
chapter 3. However, due to the material issues, the analysis based on that sample is not 
that solid. Therefore, in this chapter, several LWIR ICIPs were grown with both 
current-matched and non-current matched starches to carry on a compassion study to 
further investigate the ICIPs.  
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 Device structure and growth 
   Two sets of ICIP structures were designed to target the LWIR region with a 
reverse illumination configuration [65,90]. The structures in each set have different 
numbers of stages and variations of individual absorber thicknesses, but have identical 
electron and hole barriers and the same InAs/GaSb SL absorber composition. There are 
two thin InSb interfaces [70,90]between the InAs and GaSb layers in each SL period 
(60 Å) in every absorber that is p-type doped at 2.6×1016 cm-3. Set #1 consists of two 
current-matched ICIP structures in set #4, which areS#4-8 and S#4-12 with eight and 
twelve cascade stages, where S#4-8 had been discussed in chapter 5. S#4-12 is 
composed of 12 stages with absorber thicknesses of 180, 192, 210, 228, 246, 264, 282, 
306, 336, 366, 396, and 432 nm, in order from the surface to the substrate (the direction 
of light illumination). Set #7(NM.) has five non-current-matched ICIP structures, 
S#7(NM.)-16, S#7(NM.)-20, S#7(NM.)-15, S#7(NM.)-23, and S#7(NM.)-28, with 
sixteen, twenty, fifteen, twenty-three and twenty-eight cascade stages, respectively. 
S#7(NM.)-16 has 16 discrete identical stages with each absorber thickness (222 nm) 
equal to that of the first absorber of S#4-8. S#7(NM.)-20, S#7(NM.)-15 and S#7(NM.)-
23 has 20, 15, and 23 discrete identical stages with each absorber thickness (180 nm) 
equal to that of the first absorber of S#4-12. S#7(NM.)-28 has 28 discrete identical 
stages with each absorber thickness of 150 nm. More details about the structure 
parameters with device characteristics are provided in Table 6.1 
The growth and device fabrication follow the same process as described in 
section 3.2. However, during the growth for the wafers S#7(NM.)-15, S#7(NM.)-23, 
and S#7(NM.)-28, the doping level (3×1018 cm-3) of the InAs contact layer was 
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relatively higher to the designed level (1×1018 cm-3) for our typical ICIP structure. 
Besides, the 10-nm GaSb layer right above buffer layer was p-doped to 2.6×1016 cm-3, 
which is undoped in the design. Additionally, the hole barrier was incorrectly doped as 
6.6×1016 cm-3, nearly three-fold of the designed value (2.3×1016 cm-3). These errors may 
cause certain issues to the device performance as will be discussed below.  
 
 Device characterization and discussions 
   Electrical and optical properties of devices from these wafers were determined 
through measurements of dark current density-voltage (Jd-V) characteristics and photo-
response spectra. Table 6.1 summarizes some key material properties including cutoff 
wavelength 𝜆c, bandgap Eg and activation energy Ea extracted from measurement, along 
with design parameters. At 300K, S#7(NM.)-20 has a shorter cutoff wavelength 
(9.5 µm) compared to the other wafers (10.6-11.1 µm) 
 


















S#4-8 222 8 2.29 11.0 175 45 155 
S#4-12 180 12 3.44 11.0 174 45 155 
S#7(NM.)-16 222 16 2.29 11.1 172 64 160 
S#7(NM.)-20 180 20 3.60 9.5 188 43 160 
S#7(NM.)-15 180 15 2.70 10.6 180 21 132 
S#7(NM.)-23 180 23 4.14 10.6 180 23 132 





6.3.1 Electrical properties 
   From the measured Jd-V curves, the zero-bias resistance-area products (R0A) 
were extracted as shown in Fig. 6.1 for the seven representative devices at a wide 
temperature (T) range, which allows us to determine the activation energies. As shown 
in Fig. 6.1 and Table 6.1, the carrier transport in these devices at low temperatures 
(<150 K) is dominated by the tunneling. While at high temperatures (>150 K), it is 
diffusion limited for S#4-8, S#4-12 S#7(NM.)-16, and S#7(NM.)-20 with activation 
energies nearly equal to their zero-temperature bandgaps. However, devices from the 
other three wafers S#7(NM.)-15, S#7(NM.)-23, and S#7(NM.)-28, both diffusion and 
generation-recombination processes are presented for carrier transport with activation 
energies between half and one bandgap. The relative low activation energies in these 
three wafers may be associated with the unperfect growth. 
 
Figure 6.1: Extracted R0A of the seven representative devices from each wafer at 
various temperatures. 
 
















                                 Ea (low-T)    Ea (high-T)
 S#7(NM.)-28     11 meV        102 meV
 S#7(NM.)-23     23 meV        132 meV
 S#7(NM.)-20     43 meV        160 meV
 S#7(NM.)-16     64 meV        160 meV
 S#7(NM.)-15     21 meV        132 meV
 S#4-12              45 meV        155 meV

















6.3.2 Optical Characteristics 
6.3.2.1 Responsivity 
The optical response of the ICIPs was collected using an IR global source within 
an FTIR spectrometer and calibrated using a 600 K blackbody source (aperture diameter 
of 0.762 cm) with a 2π field of view (FOV). Because of efficient carrier transport in 
ICIPs with relatively thin individual absorbers, the photo-current is insensitive to bias 
voltage. Figure 6.2 shows the zero-bias responsivity (Ri) spectra of the seven 
representative devices at a temperature from 78 to 300 K. It is evident that current-
matched ICIPs have higher responsivities than non-current-matched ICIPs at all 
temperatures. When comparing them with the same absorber thickness (180 or 222 nm) 
in the first stage, the responsivity of the non-current-matched ICIP was about 50-60% of 
that obtained from corresponding current-matched ICIPs. This is exemplified in 
Table 6.2, where the value of Ri was taken at 7 µm, except for S#7(NM.)-20 of which is 
taken at 5 µm because its cutoff wavelength is about 2 µm shorter than other three 
ICIPs. These data demonstrate the necessity of current-matching for optimal 
responsivity, and substantial attenuation of light intensity in the optically deeper stages 
related to individual absorber thicknesses. This can be further examined and illustrated 







Table 6.2: Experimentally obtained ratio of responsivity for ICIPs at different 
temperatures.  
 
















































0.66 0.61 0.62 0.59 0.57 
 
 



































































Figure 6.3: Temperature-dependent responsivity of the four devices at 7 µm. 
 
As can be seen from Fig. 6.3, the responsivities of the seven devices exhibited 
similar trends with increasing temperature as they peaked at certain temperatures and 
then decreased. This was related to variations of diffusion length, absorption coefficient, 
and current-matching with temperature. As reported for ICIPs [94], the diffusion length 
(>500 nm at 300 K) is likely longer than or comparable to individual absorber 
thicknesses over the entire temperature range of interest, and consequently the 
collection of photo-generated carriers would not be affected much in these ICIPs at 
various temperatures. Hence, the temperature dependence of Ri was mainly caused by 
the increase of absorption coefficient due to bandgap narrowing with raising 
temperatures and the accompanying change in current-matching. In other words, Ri 
initially increased with enhanced absorption when the temperature was raised, and then 
decreased when the more considerable attenuation in the optically deeper stages (due to 
stronger absorption in optically shallower stages) began to affect the current-matching.  



































zero-bias at 7 m
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This is more significant for devices with relatively thick absorbers. For example, 
because the absorber in the first stage for S#4-8 and S#7(NM.)-16 is thicker (222 nm) 
than that (180 nm) for S#4-12, S#7(NM.)-15 and S#7(NM.)-23, their responsivities 
peaked at lower temperatures (250 K) compared to the peak locations (300, 280 and 
300 K) for S#4-12, S#7(NM.)-15 and S#7(NM.)-23. Again, this demonstrates the 
existence of substantial light attenuation and the requirement of current-matching in 
achieving optimal responsivity. Since the cutoff wavelength of S#7(NM.)-20 
approached 7 µm at low temperatures, which was substantially shorter than that for the 
other three wafers, the light absorption (and attenuation) was small at this wavelength. 
This produced the relatively fast increase of the corresponding Ri with temperature up to 
280 K and the peak at 320 K (Fig. 6.3).  
6.3.2.2 Electrical gain 
    To make a further quantitative assessment of current-matched and noncurrent-
matched ICIPs, the absorption coefficients () for the SL absorbers at room temperature 
were obtained through the direct transmission measurement shown in Fig. 6.4. Based on 
the measured absorption coefficient, the estimated Ri is significantly smaller than the 
values in Fig. 6.2 for non-current-matched ICIPs, implying possible electrical gain (G) 
exceeding unity. For the current-matched and non-current-matched identical absorber 
ICIPs, the responsivities can be expressed similar to Eqs. 3.2 and 3.3 as: 
                            
1.24
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where R is the reflectance at the device’s top surface taken to be 0.31 for an InAs cap 
layer, Nc is the number of cascade stages and d is the absorber thickness of the first 
stage. According to Eqs. 6.1 and 6.2, the electrical gain can be extracted from 
experimentally measured absorption coefficients and responsivities for all devices. Only 
the first stage was considered with Eq. 6.1 for the current matched ICIPs because of a 
designed equal photocurrent in every stage. All cascade stages were considered with 
Eq. 6.2 for ICIPs with identical absorbers because the photocurrent is the smallest in the 
last stage due to the largest attenuation of light intensity.  
 
Figure 6.4: Absorption coefficient and electrical gain at room temperature. The 
dips near 4.2 µm in the gain curves were due to CO2 absorption in the response 
spectra. 
 
   The estimated electrical gain at room temperature is plotted in Fig. 6.4 for the 
four devices. When the absorption coefficient is higher than a certain value 
(e.g. >1000 cm-1), the electrical gain for the ICIPs exceeds the unity. With the further 
increase of absorption coefficient at the higher photon energies, G increases for 
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identical absorber ICIPs, but remains nearly constant in the current-matched ICIPs. The 
enhanced absorption at a large photon energy significantly attenuates the light intensity 
in the last stage, which then requires a large electrical gain to maintain current 
continuity. At the first stage, the increase of electrical gain is not needed because the 
photocurrent is the highest among all the stages. To maintain the current continuity, the 
electrical gain is required to be higher in ICIPs with thinner absorbers to compensate for 
a shorter absorption length. This can be seen in Fig. 6.4, where G is higher in S#4-12 
compared to S#4-8, while G is higher in S#7(NM.)-23 than S#7(NM.)-15 and 
S#7(NM.)-16 when the photon energy is higher than 0.2 eV. It should be noted that the 
value of G could vary significantly in different cascade stages with substantial light 
attenuation, as G increases with more number of cascade stages. 
Gain exceeding unity was also observed in T2SL detectors (>5) [61] and in our 
previous MW ICIPs discussed in chapters 3 and 4 [92,95], although the mechanism is 
not fully understood. One mechanism for ICIPs, implied in Ref. [83], arises from the 
distribution of bias voltage or electrical potential across individual cascade stages 
during device operation. For a multi-stage ICIP under illumination at zero bias, the 
electrical potential across each individual stage will self-adjust to achieve equal current 
through each stage. If the number of photo-generated carriers is not equal in every 
stage, the electrical potential across each stage would also not be equal. The 
requirement of current continuity forces the stage with the largest amount of photo-
generated carriers (typically the first stage in a non-current-matched ICIP with identical 
absorbers) to be slightly forward biased such that a forward injection current will 
128 
 
partially offset the photocurrent. Hence, the responsivity in a non-current-matched ICIP 
is smaller than that in a current-matched ICIP, as observed in this work.   
Consequently, other stages with smaller amounts of photo-generated carriers 
will necessarily be under reverse bias to make the total bias voltage across all stages 
zero. The reverse bias will add a thermal generation current in those stages along the 
same direction as the photocurrent, resulting in an effective increase of the photo-
current. When the thermal generation current is higher than or comparable to the photo-
current (which is possible at high temperatures), the stages under a reverse-bias voltage 
could have a significant electrical gain as observed in the non-current-matched ICIPs. 
Of course, this mechanism cannot explain the gain observed in one-stage devices 
[61,92,95] as presented in the chapters 3 and 4, where a photoconductive gain was 
postulated to be coexisted in these thin absorber ICIPs with a possible longer carrier 
lifetime than transit time. This may explain the slightly lager electrical gain than unity 
existed in the first stage of the current-matched ICIPs.  
Due to light attenuation, the photocurrent generated in each cascade stage is 
different and the photo-generated current deceases with optically deeper stages. When 
the absorbers are thin enough to ensure a small αd, the deceasing of photo-generated 
current will follow a liner trend with the increasing order of stages. Therefore, in order 
to maintain current continuity, the output current will approach the value of the photo-
generated current in the middle cascade stage among all the stages. According to a 
recent theory, the output current is the average of the photo-generated current from 
every stage. The electrical gain in each stage follows the same trend as the photo-
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When n=NC/2, the electrical gain in the middle cascade stage can be estimated as 
shown in Fig. 6.5. The electrical gain in the middle cascade stage of the non-current 
matched ICIPs present very comparable values to that in the first stage of current-
matched ICIPs, which dose support the assumption to some extent. Therefore, a 
maximum value of D* can be achieved by varying the absorber thickness (d) and 
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Figure 6.5: Electrical gain in the middle cascade stage of the non-currented ICIPs 
at room temperature. They exhibited comparable electrical gain to that in current 
matched ICIPs. 
 
Overall, an electrical gain can be produced to partially offset the light 
attenuation in an optically deeper stage. As such, the responsivity in a non-current-
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matched ICIP would be appreciable although it is not maximal as in the current-
matched ICIP. Considering the significantly higher R0A (Fig. 6.1) and suppressed noise 
as shown in cleaner response spectra (Fig. 6.2), non-current-matched ICIPs with 
identical absorbers in every stage may achieve device performance comparable to 
current-matched ICIPs in terms of detectivity (D*).  Also, due to possible electrical gain, 
perfect current-matching is not necessary in ICIPs, which provides great flexibility in 
design and device implementation.  
6.3.2.3 Detectivity 
Based on the measured R0A and responsivity, the estimated Johnson-noise 
limited detectivity under zero-bias for each device is shown in Fig. 6.6. The advantage 
offered by noncurrent-matched ICIPs with more-stages can be seen from the maximum 
value of D* for S#7(NM.)-28, regardless of S#7(NM.)-20 with a shorter cutoff 
wavelength. For instance, at 250K, the Johnson-noise-limited D* (𝜆=7 µm with a FOV 
of 2) were 4.1×108, 5.1×108, 5.0×108, 4.5×108, 6.0×108, 5.3×108, and 8.2×108 
cmˑHz1/2/W for S#4-8, S#4-12, S#7(NM.)-15, S#7(NM.)-16, S#7(NM.)-20, S#7(NM.)-
23 and S#7(NM.)-28, respectively. At higher temperatures, such as 300K, the 
corresponding Johnson-noise limited D* became 1.4×108 (S#4-8), 1.8×108 (S#4-12), 
1.6×108 (S#7(NM.)-15), 1.5×108 (S#7(NM.)-16), 2.4×108 (S#7(NM.)-20), 1.8×108 
(S#7(NM.)-23), and 1.9×108 (S#7(NM.)-28) cmˑHz1/2/W, which significantly exceeds 
the reported value (e.g. ≥4.0×107 Jones with a FOV between /2 and 2) for 
commercial uncooled MCT detectors [1,2]. The substantially higher D* for S#7(NM.)-
20 was due partially to the relatively short cutoff wavelength compared to the other 
ICIPs. Nevertheless, with a similar cutoff wavelength, D* is slightly higher in the ICIP 
131 
 
made from wafers S#7(NM.)-16 compared to S#4-8 with the same first absorber 
thickness, even though Ri is lower in S#7(NM.)-16. Hence, in terms of device 
detectivity, non-current-matched ICIPs with appropriate construction can have 
comparable or even better performance over current-matched ICIPs. In fact, the 
performance of non-current-matched ICIPs can be further improved. When the stages of 
an ICIP are made identical, there is a tradeoff between reduced signal and suppression 
of noise as the number of stages increases. Adding further stages to an identical-
absorber ICIP can reduce the thermal noise, but also compromises the overall signal 
current, due to light attenuation in the optically deeper stages. Hence, an optimized 
number of cascade stages may exist for achieving a maximum value of D* based on the 
absorption coefficient and absorber thickness [83].  
 
Figure 6.6: Johnson-noise limited D* spectra of the seven devices at various 
temperatures. 





































 Summary and concluding remarks 
Through comparative investigation of two sets of LW ICIPs with both current-
matched and non-current-matched configurations in the same framework, the necessity 
of current-matching is demonstrated to maximize utilization of absorbed photons for 
optimal responsivity and the correlation of reduced responsivity with light attenuation 
in the optically deeper stages for non-current-matched ICIPs. Electrical gain exceeding 
unity is observed, which is more significant in the last stage of non-current-matched 
ICIPs for reaching photocurrent continuity. The significant electrical gain enabled an 
appreciable responsivity in non-current-matched ICIPs, although still lower than in 
current-matched ICIPs. This, in combination with the large R0A in non-current-matched 
ICIPs, resulted in Johnson-noise limited detectivities (>1.5×108 cmˑHz1/2/W at 300 K) 
comparable to or even higher than in current-matched ICIPs. Further understanding of 
the electrical gain and optimization should lead to better structure design and higher 
device performance. Because of the ease of design and implementation, as well as 
improved coupling with an external circuit, non-current-matched ICIPs with identical 
absorber configuration are promising to meet many applications at room temperature in 




 Resonant tunneling and multiple negative differential 
conductance in long wavelength interband cascade infrared 
photodetectors 
 Background and motivation 
Negative differential conductance (NDC) has been extensively studied in double 
barrier QW heterostructures [179-183], superlattices [176,184], and quantum cascade 
lasers [185,186]. In these semiconductor quantum structures, NDC is attributed to the 
resonant tunneling of electrons through quantized energy levels in the conduction band 
that lead to a peak in the current-voltage curves. Additionally, NDC can be caused by 
resonant interband tunneling of carriers through quantized states in both the conduction 
and valence bands [187-192], resulting in high peak-current densities and large peak-to-
valley current ratios. All of the above mentioned NDC features and the associated peaks 
in current share a common feature; they become weak (or even disappear) with 
increasing temperature. In contrast, the NDC features and their associated current peaks 
recently observed in LW ICIP structures [90] exhibit the opposite temperature 
dependence; they become more significant with increasing temperature. However, this 
temperature dependence of NDC features was not observed in our MW ICIPs. By 
examining current-voltage characteristics of LW ICIPs that have different electron 
barriers, as discussed in chapter 5, it is initially identified that intraband tunneling of 
minority electrons was responsible for NDC features in those LW ICIPs. Because of the 
totally different temperature dependence from most of the previous resonant tunneling 
structures, and the complexity and involvement of both conduction and valence bands 
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in ICIP structures, further investigation was need to understand how other factors, such 
as doping concentration and the hole barrier, affect the current-voltage characteristics, 
as well as influence device performance.  
This chapter presents a comprehensive description of how multiple peaks in 
current-voltage characteristics and their associated NDC features are formed in ICIPs, 
including a study of how structural parameters and doping concentration can affect 
these features and device performance.   
 
 Device design and growth 
Five sets of ICIP structures (15 in total) were designed based on InAs/GaSb SL 
absorbers with room temperature cutoff wavelengths (𝜆c) targeted in the LW region (8-
12 µm). These ICIP structures were grown using a Veeco GENxplor molecular beam 
epitaxy chamber on nominally undoped p-type GaSb (001) substrates. As shown 
schematically in the simplified band diagram in Fig. 2.5, in each stage of an ICIP, the 
absorber (zone 1) is sandwiched by two wider band gap zones (2 and 3) that serve as a 
hole barrier (hB) and an electron barrier (eB), respectively. The eB and hB are 
composed of digitally graded multiple GaSb/AlSb and InAs/AlSb QWs, respectively. 
The period of the InAs/GaSb SL absorber was designed to be 60 Å with two InSb-like 
interfaces [70] between the InAs and GaSb layers. In a SL period, the InAs/GaSb layers 
are 31/24.7 Å for wafer S#3-4, and are 31/25.2 Å for all other wafers. The numbers of 
SL periods in individual absorbers for these ICIPs and other parameters are provided in 
Table 7.1. The eBs in set #3 have three QWs with GaSb well widths of 33/43/58 Å, 
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while the eBs in sets #4, 5, 6 and 7 are enhanced with an additional 73-Å-wide QW. 
The hB is made of seven digitally graded InAs/AlSb QWs with InAs well thicknesses of 
48/50/52/55/58/62/70 Å in sets #3, 4, 5 and 7, and of 48/50/53/57/62/69/78 Å in wafer 
S#6-8. The p-type doping concentration in the absorbers is 2.6×1016 cm-3 for the wafers 
in sets #3, 4, 6 and 7, and 5.3×1016 cm-3 for the wafers in set #5. The ICIPs in sets #3 
through 6 were designed to be photocurrent matched with varied absorber thicknesses. 
The five ICIPs in set #7 were designed to have an equal absorber thickness in each 
stage, as discussed in chapter 6. Sets #3, 4 and 7 has been discussed in chapters 5 and 6, 
and are included here for comparison and completeness. Pieces from each wafer were 
processed into square mesa detectors with the method describe in section 3.2. 
 







# of SL periods in each absorber 















at 300 K 
D* at 8 µm at 
300 K 
(cmˑHz1/2/W) 
S#3-4 4 50/55/60/66 1.386 2.6×1016 3 12.0 7.8×107 
S#3-6 6 50/55/60/66/72/79 2.292 2.6×1016 3 11.7 1.1×108 
S#3-8 8 37/39/42/45/48/52/57/62 2.292 2.6×1016 3 11.6 1.2×108 
S#4-4 4 50/55/60/66 1.386 2.6×1016 4 11.5 7.4×107 
S#4-6 6 50/55/60/66/72/79 2.292 2.6×1016 4 11.5 1.0×108 
S#4-8 8 37/39/42/45/48/52/57/62 2.292 2.6×1016 4 11.4 1.2×108 
S#4-12 12 30/32/35/38/41/44/47/51/56/61/66/72 3.438 2.6×1016 4 11.5 1.5×108 
S#5-6 6 50/55/60/66/72/79 2.292 5.3×1016 4 11.5 1.2×108 
S#5-8 8 37/39/42/45/48/52/57/62 2.292 5.3×1016 4 11.0 1.4×108 
S#6-8 8 37/39/42/45/48/52/57/62 2.292 2.6×1016 4 11.0 1.2×108 
S#7-16 16 37×16 3.552 2.6×1016 4 11.5 1.3×108 
S#7-20 20 30×20 3.600 2.6×1016 4 9.6 1.3×108 
S#7-15 15 30×15 2.700 2.6×1016 4 10.6 1.0×108 
S#7-23 23 30×23 4.140 2.6×1016 4 10.6 1.4×108 




 Device performance 
All of the ICIPs were operated as detectors at 300 K and above. Table 7.1 
provides their 100% cutoff wavelengths at 300 K, which were in the range of 9.6 to 
12 µm and agreed well with their design values. Figure 7.1 showed their Johnson noise 
limited detectivities (D*) for the detectors from sets # 3, 4, 5 and 6 at 300 K with the 
100% cutoff wavelength was around 11.5 µm. The performance for the other detectors 
have been discussed in chapters 5 and 6. As can be seen from Table 7.1, the 
detectivities for these ICIPs at 8 µm exceeded 1.0×109 and 1.0×108 cmˑHz1/2/W at 200 
and 300 K, respectively. 
 
Figure 7.1: Johnson noise limited D* for six- and eight-stage devices at 300 K. 
 
 Multiple negative differential conductance 
The dark current density–voltage (Jd-V) characteristics and differential 
conductances (G) for devices from all the wafers are shown in Figs. 7.4 and 7.5 at 
temperatures at and above 280 K. In Fig. 7.4, multiple peaks can be seen in the Jd–V 































curves obtained for all the devices under reverse bias voltage and each current peak 
corresponds to a NDC feature. The number of current peaks (or equivalently NDC 
features) observed are 4, 6, 8, 12, 15, 16, 20, 23 and 28, and the number observed 
always corresponds to the number of cascade stages (NC) in that particular ICIP 
structure. As expected, the voltage required to observe the entire set of peaks is higher 
for an ICIP with a larger number of cascade stages. The peaks and NDC become more 
significant with the increase of temperature (see Fig. 7.5), which is distinctly different 
from what is observed from other semiconductor quantum structures [176,179-186,188-
191]. This distinctive temperature dependence results from the fact that the dominant 
transport, where the absorbers are p-doped, is by minority carriers (electrons) and the 
electron concentration increases exponentially with raising the temperature. I will come 
back to this idea when I discuss how the doping concentration in the absorbers affects 
the current peaks/NDC features. Now, with the identification of the minority carrier 
transport as responsible for the observed feature, it is time to explain how the 
peaks/NDC features are produced in ICIPs.  
With light illumination or under a reverse bias, the electrons shown in Fig. 7.2 
will move from right to left. There are two transport paths for electrons to go through 
from the absorber in one stage to the next stage. The first is to undergo intraband 
relaxation in the hB (zone 2) and then interband tunneling to the valence band in the 
next cascade stage. The other path is to undergo intraband tunneling through the eB to 
the conduction band in the next cascade stage. The eB is composed of four (or three for 
set #1) QWs with different GaSb well widths, which increase sequentially from left to 




Figure 7.2: (a) Schematic energy band structure of a three-stage ICIP with a 
reverse illumination configuration under zero-bias. (b) Electrons in the conduction 
band of the absorbers resonantly tunnel through the eBs under a certain reverse 
bias. (c) Turn off of resonant tunneling across the eB in the first stage (closest to 
the anode) with increasing reverse bias, which gives rise to a NDC. (d) Turn off of 
resonant tunneling across the eB in the second stage with further increasing 




Because the ground states in the QWs of the eB are misaligned under zero-bias, the 
probability of intraband tunneling through the eB is very low and thus the carrier 
transport is dominated by intraband relaxation and interband tunneling (the first path). 
Under an appropriate reverse bias, the ground states in the QWs of the eBs become 
aligned, resulting in resonant intraband tunneling and a substantial increase of current, 
as shown in Fig. 7.2(b).   
Because the charge accumulated in the QWs screens the applied electric field 
[176,181], a reverse bias makes the field higher near the anode end than the cathode end 
of the device. Thus, the resonant tunneling condition is initially broken in the eB closest 
to the anode (left end of Fig. 7.2(c)), resulting in the first NDC feature. When the 
reverse bias voltage is further increased, the turn-off of resonant tunneling is expanded 
to the next eB (see Fig. 7.2(d)), resulting in the second NDC feature. In general, with 
continued increase of the reverse bias voltage, the turn-off of resonant tunneling will 
sequentially step from the anode to the cathode end of the device. Consequently, the 
number of current peaks/NDC features should be exactly equal to the number of 
cascade stages, as confirmed in Figs. 7.4 and 7.5. In some cases, after the turn-off of 
resonant tunneling between the ground levels of QWs in all eBs, additional reverse bias 
voltage could align the ground level in the rightmost QW with the energy of excited 
states in the other QWs in an eB, resulting in another series of NDC features as 
observed in devices from set #1 discussed in chapter 5. 
The appearance of current peaks and NDC features in these ICIPs is similar to 
that in series-connected multiple double barrier (DB) structures [181,182]. However, 
the temperature dependences are different due to the different carrier types involved. 
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Majority carriers are dominant in the transport in previous quantum structures [176,179-
186], while minority carriers are dominant in ICIPs. Another difference is that in 
contrast to symmetric DB structures, the eB in ICIPs is asymmetric to bias polarities. 
Therefore, the energy levels for the ground state in each QW of the eB will not be 
aligned under forward bias and thus resonant tunneling was observed in these ICIPs 
only under a reverse bias. This is also different from the recently reported DB 
Ga(In)Sb/AlAsSb QW resonant tunneling structures [193], where electrons are majority 
carriers. It should be mentioned that NDC features are not observed in our MW ICIPs at 
high temperatures (up to 400 K). The absence of NDC features in MW ICIPs is 
probably due to their lower minority carrier concentrations and the wider bandgaps 
required for the MWIR region. On the other hand, in MW ICIPs, under significantly 
larger reverse-bias voltage at low temperatures, multiple current peaks/NDC features 
are observed where, again, their number equals the number of cascade stages, NC [15]. 
These features are probably caused by the same mechanism discussed here.  
 
Figure 7.3: G/A and Jd vs. V of devices with different sizes prepared from wafer 
S#2-8 at 300 K (a) without and (b) with the correction due to the circuit series 
resistance. 
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The observed locations and separation of NDC features depend on the device 
size. This is because the device resistances at high temperatures are relatively small 
(e.g. <50 Ω) so that the circuit series resistance, RS = 5-11 Ω, could have a substantial 
voltage drop especially on the larger size devices, in which the device resistance is 
smaller while the current is higher compared to smaller devices. This is consistent with 
the increased separation between adjacent NDC features observed when the device size 
became larger as shown in Fig. 7.3(a). In principle, the positions of these NDC features 
should be located at the same voltages for different size devices if the circuit series 
resistance effect is negligible. To examine this, the dark current density and 
conductance (G/A) are plotted with respect to the voltage drop on the device 
(i.e. substituting the voltage V with V-I×RS) for different sizes as shown in Fig. 7.3(b). 
Indeed, the positions of NDC features observed from these devices are essentially the 
same for different sizes, suggesting that multiple NDC features are inherent properties 
of these ICIP structures. 
7.4.1 ICIPs with 3- and 4-QWs in the electron barrier 
In order to further understand and substantiate this resonant-tunneling 
mechanism, ICIPs with different eBs, p-doping concentrations in the absorbers, and hBs 
were investigated (see Table 7.1). Compared to the ICIPs in set #3, the ICIPs in set #4 
had an extra QW in the eBs to reduce the intraband tunneling of electrons. As can be 
seen in Fig. 7.4(a-c), both dark current densities and NDCs are substantially reduced for 
ICIPs in set #4 compared to those in set #3. Comparing the devices with the same 
cascade stage number between sets #3 and 4, the dark current in the devices with the 
enhanced eB in set #4 was reduced considerably (by ~20%, as shown in Fig. 7.4(a-c)), 
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indicating effective suppression of the intraband tunneling current by the enhanced eB. 
This also verifies that the observed current peaks/NDC features in ICIPs originate from 
resonant intraband tunneling through eBs.  
 
Figure 7.4: Differential conductance/area (G/A) and dark current density vs. 
voltage bias for the ICIPs from different set. (a) 3 QWs vs. 4 QWs in an eB, (b) 
comparison with changes in eB and doping, (c) comparison with changes in eB, 
doping and hB.  
 















































































S#7-28 at 320 K







































































S#7-20 at 340 K














































































7.4.2 ICIPs with higher doping in absorbers 
As the tunneling current is approximately proportional to the electron 
concentration, the peaks/NDC features in ICIPs should also be related to the p-type 
doping concentration in the absorbers. With all other parameters kept the same as in set 
#4, the absorbers in the ICIPs of set #5 are p-type doped at a concentration that is about 
two times higher than that in set #4, resulting in a lowered minority carrier density. This 
should lead to a reduced intraband tunneling current and less significant NDC features. 
Indeed, comparing the devices with the same NC (6 and 8) between set #4 and set #5, 
the NDC features are much smaller from the devices in set #5 and could only be clearly 
identified at higher temperatures, such as 340 K (see Fig. 7.5). Also, as shown in 
Fig. 7.4(c), the dark current density is lower in the eight-stage device from S#3-8, 
resulting in a higher detectivity D* (the responsivity is similar), as shown in Fig. 7.1 and 
Table 7.1. The six-stage device from S#5-6 had a higher Jd (Fig. 7.4(b)) due to some 
leakage current associated with higher defect densities observed in wafer S#5-6 
compared to wafer S#4-6. This is not related to intraband tunneling as evidenced by its 
nearly flat differential conductance in the NDC feature region of S#4-6 at 300 K 
(Fig. 7.4(b)).   
7.4.3 ICIP with modified hole barrier  
As pointed out above, there are two transport paths for electrons travelling 
through the electron barriers (see Fig. 7.2). How easily electrons move along one path 
will affect the fraction of electrons going along the other path, and this will affect the 
current peaks/NDC features in ICIPs. The relaxation region (hB) in wafer S#6-8 is 
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wider, with the electron state at a lower energy compared to the hB in the other wafers. 
Consequently, the interband tunneling window (at the interface between the hB and eB) 
is widened. As such, more electrons from the absorber will go along the first transport 
path through the hB and interband tunneling, and fewer electrons will go through via 
intraband tunneling through the eB. As shown in Fig. 7.4(c) at 300 K, the ICIP from 
S#6-8 exhibited a reduced dark current density, with much smaller NDC features 
compared to the device from wafer S#4-8. Note, S#4-8 differs from S#6-8 only in the 
hBs, and the NDC features in S#6-8 did not appear until higher temperatures (320 and 
340 K), as shown in Fig. 7.5(d).  
 
Figure 7.5: Differential conductance/area (G/A) and dark current density vs. 
voltage bias for the eight-stage devices at 280 to 340 K. 
 
7.4.4 ICIPs with identical thin absorbers 
Finally, ICIPs with relatively thin absorbers and with more cascade stages were 
studied, from wafers in set #7 and S#4-12. With thin absorbers, the number of available 
electrons per stage is effectively reduced and thus the dark current density is reduced 
compared to S#4-8 (see Fig. 7.4(d-i)). Consequently, NDC features were not clearly 
observed until a large bias voltage was applied (for devices from S#4-12) or a higher 























































temperature was reached (for devices from set #7). For the five ICIPs from set #7 with 
identical thin absorbers, the number of NDC features show excellent agreement with the 
number of cascade stages of 15, 16, 20, 23, and 28, respectively. As shown in Fig 7.4(e-
i), NDC features can be observed at 320 K and above for these devices. However, the 
appearance of NDC features at a higher temperature (340 K) for S#7-20 is due to its 
relative wider bandgap compared to the other ones, hence lower carrier concentration. 
Therefore, a higher temperature is required for S#7-20 to reach a certain level of carrier 
concentration to realize resonant tunneling. 
 
 Summary and concluding remarks 
These ICIPs with more cascade stages showed somewhat higher Johnson-noise-
limited detectivities, as indicated in Table 7.1. Overall, these ICIPs operated at zero-bias 
and their D* did not vary much among the structures (see Table 7.1) because the 
resonant tunneling occurred at a reverse bias. Nevertheless, the Johnson-noise-limited 
detectivities for these ICIPs at 300 K at 8 µm exceeded 1.0×108 cmˑHz1/2/W, which is 
more than a factor of two higher than the corresponding values for photovoltaic 
HgCdTe detectors with similar cutoff wavelengths [1,2]. Additionally, in order to 
effectively couple to an external circuit, it is beneficial for ICIPs to have a significantly 
large resistance with a much reduced dark current density, especially at high 




In summary, multiple NDC features are observed in LW ICIPs. These NDC 
features are shown to be related to intraband tunneling of minority carriers through the 
electron barriers, leading to the sequential turn-off of resonant tunneling in the eBs. By 
varying the detailed structure and the carrier concentrations in the absorber, The details 
of these phenomena have been substantiated. Furthermore, the NDC features in the 
ICIPs can be used as a characterization tool that will improve the understanding of 









 Conclusion and future work 
 Dissertation summary 
This dissertation mainly focused on interband cascade infrared photodetectors 
which originated from interband cascade lasers. Along with interband cascade infrared 
thermophotovoltaics they make up the interband cascade structure family, which is 
unique for its multi-stage architecture. In these devices, the carrier transport is rectified 
with two unipolar barriers (injectors), namely the electron barrier (hole injector) and 
hole barrier (electron injector). The series connection between cascade stages is realized 
by employing the type-II broken-gap alignment between InAs and GaSb layers, rather 
than Esaki tunnel junctions. These interband cascade devices with a multiple stage 
structure fundamentally have a superior performance over conventional single stage 
devices. 
Since most of the IR detectors are typically operated at low temperatures, and 
the device performance of Hg1-xCdxTe detectors are not optimal at high temperatures, it 
is important to develop an uncooled IR detector with high device performance. The aim 
of this dissertation was to investigate the theoretically projected enhancements of multi-
stage ICIPs over the conventional single stage IR detectors in terms of higher 
detectivities, higher operating temperature (HOT) in both MWIR and LWIR ranges, and 
to show the potential of ICIPs for high speed application.     
In this dissertation, after a brief overview of IR radiation and the corresponding 
applications. A survey of different infrared detector technologies was presented in 
chapter 1. The operating principles of the interband cascade devices were introduced in 
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chapter 2. Detailed discussion was focused on the theory of ICIPs to qualitatively imply 
their advantages, and a comparison between a single absorber detector and the multi-
stage ICIP showed the fundamental advantages of ICIPs. The following chapters are 
dedicated to the design, characterization and analysis of ICIPs in the MWIR and LWIR 
bands. 
In chapter 3, a set of MW ICIPs based on an InAs/GaSb T2SL was investigated 
with both regular and reverse illumination configurations. The 100% cutoff wavelength 
was 4.3 µm at 300 K. Four one-stage detectors with different absorber thicknesses and 
substrates were included for comparison to the multiple-stage ICIPs with different 
absorber thicknesses, numbers of stages, and illumination configurations, as well as 
variations in substrate and buffer layer doping concentration. The multi-stage ICIPs 
were capable of operating at high temperatures at zero-bias with Johnson-noise limited 
detectivities over 1.0×109 cmˑHz1/2/W at 300 K, and the D* values were enhanced by a 
factor of two under certain reverse bias conditions. However, their performance was 
limited by undesired substrate effects and should be enhanced with better materials 
quality. The ICIPs exhibited superior carrier transport over the conventional one-stage 
detectors, particularly at higher temperatures with a reduced diffusion length. ICIPs 
with thin discrete absorbers showed a monotonically increasing zero-bias responsivity 
with increasing temperature up to 300 K, while the responsivity of the one-stage devices 
began to drop at 200 or 250 K. Based on the temperature dependence and the bias 
sensitivity of their responsivities with various absorber thicknesses, the diffusion length 
is estimated to be between 0.6 to 1.0 µm for T2SL materials at high temperatures 
(>250 K). By comparing responsivities between current matched ICIPs with various 
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absorber thicknesses and noncurrent-matched ICIPs with equal absorbers, it was shown 
that the current-matching between cascade stages is important and necessary to achieve 
the maximum responsivity. In addition, electrical gain exceeding unity was 
demonstrated in these detectors in the reverse illumination configuration. This is the 
first time that electrical gain was observed in the ICIPs with T2SL absorbers. Based on 
these MWIR ICIPs, high-frequency operation with a 3-dB bandwidth of 1.3 GHz was 
demonstrated at room temperature. 
In chapter 4, bulk GaInAsSb alloy was first time employed as the absorbers of 
an ICIP. A three-stage ICIP and a conventional one-stage device were investigated, both 
detectors were demonstrated at operating temperatures up to 340 K with a cutoff 
wavelength around 4.5 µm at 300 K. The observed absorption coefficients (e.g. 
~5000 cm-1 at 3.3 µm) were significantly higher than the typical value (2000-3000 cm-1) 
in T2SLs. The Johnson-noise limited detectivity of both detectors reached 109 
cm·Hz1/2/W at 300 K, which is comparable to the T2SL photodetectors with similar 
cutoff wavelengths as mentioned in chapter 4. In addition, these GaInAsSb detectors 
exhibited a much higher responsivity due to a larger absorption coefficient, indicating 
an enhanced output signal compared to the T2SL detectors. This suggested a possible 
improved frequency response in the ICIPs with GaInAsSb absorbers that are feasible for 
high speed application. Overall, the successful implantation with quaternary GaInAsSb 
alloy validated the advantages of ICIPs for high device performance and high operating 
temperature, not only remained in T2SL, but also with bulk materials. Moreover, it also 
implied the other degree of flexibility of ICIPs by utilizing of others available 
alternative materials as the absorbers for meeting specific applications.  
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In chapter 5, four sets of LW ICIPs were systematically investigated with a 90% 
cutoff wavelength between 7.5 µm and 11.5 µm from 78 to 340 K. It is the first time 
ICIPs are demonstrated to be operated at high temperatures up to 340 K in the LWIR 
region, proving the benefit of LW ICIPs for high temperature operation according to the 
theoretical projections. Although not yet optimized, the ICIPs achieved high 
performance with D* higher than 1.0×109 and 1.0×108 cmˑHz1/2/W at 200 and 300 K, 
respectively. These are among the best results demonstrated for uncooled photovoltaic 
detectors in the LWIR region. To the best of my knowledge, ICIP is the only HOT 
photodetector with high device performance that can beat the top Hg1-xCdxTe detector 
in the LWIR band, suggesting a great potential for real applications such as laser 
spectroscopy and free-space communication in combination with room temperature 
long-wavelength quantum cascade lasers. Nevertheless, better device performance is 
expected by further optimizing these ICIPs.  
The appearance of multiple negative differential conductance (NDC) features 
was identified as related to intraband tunneling through the electron barrier, with further 
investigations described in chapter 7. 
In chapter 6, a comparison study was discussed between two sets of LW ICIPs 
with current matched and non-current matched architectures. These ICIPs have a 
comparable performance (D*>1.0×108 cmˑHz1/2/W at 300 K) with a similar cutoff 
wavelength around 11 µm at 300 K to the ICIPs discussed in chapter 5. The necessity of 
current-matching to maximize photon absorption for optimal responsivity was, again, 
illustrated. The lower responsivity in the non-current matched ICIPs was attributed to 
light attenuation in the optically deeper stages, but was enhanced by the significant 
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higher electrical gain, such that the device performance was comparable or even slightly 
higher than for current matched ICIPs. Therefore, the benefits of non-current matched 
ICIPs are implied in terms of easier structure design and device implementation. 
The presence of high electrical gain in the ICIPs was postulated to be related to 
two mechanisms, one is the photoconductive gain due to a shorter transit time than 
carrier lifetime, the one is current compensation of the dark current required to maintain 
current continuity. Further theoretical and experimental studies are needed to fully 
understand the electrical gain. 
In chapter 7, to fully understand the underlying physics behind the multiple 
NDC features observed in LW ICIPs as partially mentioned in chapter 6, a systematic 
research was performed with five sets of LW ICIPs by varying the detailed structure 
and the carrier concentrations in the absorber. The multiple NDC features were 
explained to be related to the sequential turn-off of intraband tunneling of minority 
carriers through the electron barriers. As such, the NDC features in the ICIPs can be 
used as a characterization tool that will improve the understanding of ICIPs and related 
interband cascade devices, leading to advancements in device performance.  
Overall, this dissertation demonstrated the high temperature operation of ICIPs 
with high device performance in both MWIR and LWIR band. High frequency 
operation with a 3-dB bandwidth of 1.3 GHz has been established based on the MW 
ICIPs. Above room temperature operation of LW ICIPs has been achieved for the first 
time with a cutoff wavelength around 11 µm at 300 K. Up to now, this is the only 
uncooled LWIR photodetector exhibits a higher device performance than the 
commercial photovoltaic Hg1-xCdxTe detectors. The improved understanding of the 
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electrical gain with further optimization will lead to enhanced performance of future 
ICIP devices. 
 
 Suggested future work 
Although ICLs have been developed for more than two decades, ICIPs are still 
in their preliminary phase with plenty of room for improvement. Below, several 
suggestions are provided for future research. 
As discussed in this dissertation, electrical gain is observed in most of our ICIPs, 
thus the analysis of carrier transport based on the temperature dependence of zero-bias 
responsivities cannot fully explain the processes. Therefore, absorption coefficients at 
low temperatures are necessary to understand the carrier transport with changing 
temperature, as well as to extract the electrical gain at each temperature. In order to 
further understand the dynamics, measurements of carrier lifetime and diffusion length 
at a wide temperature range are rather important for device design and analysis. 
Since the determination of the detectivity of our ICIPs only considered the 
Johnson noise and shot noise extracted from the device current, the value may be 
overestimated if the other noise sources are not negligible. Hence, it is vital to directly 
measure the other noise mechanisms in the devices, in order to better evaluate the actual 
device performances.  
High frequency operation of uncooled ICIPs has been demonstrated with a 3-dB 
bandwidth of 1.3 GHz [91]. However, this is far below the optimum value and is limited 
by the device packaging. With improvements in the device packaging, a better 
frequency response is expected. Meanwhile, a systematic study of the frequency 
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response of ICIPs can be carried out by varying the structural parameters, such as 
absorber thickness, number of stages, identical absorbers and illumination 
configurations. Analogous studies of IC LEDs would also be beneficial. 
Detectors based on T2SLs are limited by low absorption coefficients and 
relatively high defect densities, while absorbers based on bulk materials could 
compensate for these issues. Photodetectors based on InAsSb have shown high 
performance [54,55,194,195] in the MWIR and LWIR bands. Since ICIPs based on a 
quaternary GaInAsSb alloy as the absorber material have been established, as discussed 
in chapter 3, InAsSb alloys may be another promising alternative for the absorbers in 
ICIPs. The defects in InAs/GaSb T2SLs have been attributed to the Ga atoms [196]. 
Therefore, several groups have employed Ga-free InAsSb/InAs T2SLs in their detectors 
[197] and obtained improved minority carrier lifetimes [198,199] and high device 
performance [166,200] in the LWIR region. 
ICTPVs based on T2SLs with the same bandgap for each absorber have 
demonstrated advantages over one-stage TPV devices. Meanwhile, as discussed above, 
ICTPVs can also make use of the advantages of bulk materials as the absorber to 
enhance absorption and increase the short-circuit current, or employ InAsSb/InAs 
T2SLs as the absorbers to reduce dark current and enhance the open-circuit voltage. 
Additionally, considering that heat sources are typically broadband, ICTPVs can take 
advantages from multi-junction solar cells by varying the bandgaps of the absorbers in 
different cascade stages to enhance the absorption of incident photons and hence 
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